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INTRODUCTION 

The net energetics and the energy inputs into integrated,synthetic energy-producing systems are 
extremely important to the development of new energy supplies. Basically, the ultimate goal i s  to design 
and operate environmentally acceptable systems to produce new supplies of salable energy, whether they 
be low-Btu gas. substitute natural gas (SNG), synthetic crude oil. methanol, ethanol, hydrogen, or 
electric power from primary raw materials such as coal, oil shale, biomass, organic wastes, and isotopes, 
a t  the lowest possible cost and with the minimum consumption of energy inputs. 

It is essential to quantify how much energy i s  expended and how much salable energy is  produced in 
each fully integrated system. An energy budget should be prepared because the capital, operating, and 
salable energy cost projections, and the conversion process efficiency are insufficient alone to choose the 
best systems. These figures do not necessarily correlate with net energy production (1,Z). Also, the 
"capital energy investment" consumed during construction of the system should be recovered during i t s  
operation. Comparative analyses of similar systems for the production of  synthetic liquid and gaseous 
fuels from the same feedstock or of different systems that yield the same fuels from different raw 

to the selection of optimum systems is  not limited to the production of substitute fossil fuels; synthetic 
energy systems per re such as nuclear power systems can also be treated in the same manner. 

Recently. several reports have been published on the analysis of the net energetics of different systems, 
but there i s  by no means general agreement as to the conclusions of these studies. For example, for 
nuclear systems, Chapman states that i f  capacity grows too fast, the system will consume more energy 
than it produces (3).  while Wright and Syrett state that the case for building nuclear power stations to 
conserve precious fossil fuel i s  overwhelmingly clear (4). Hoffman concluded that when all energy inputs 

power plants and reproerring facilities, the net electrical yield is  very low (5). Yet, Davidstated that all 

power operation (6). 

Synfuel systems are not immune to these apparent contradictions either. For shale oil recovery, the net 
energy recovery (energy outlenergy consumed) is  reported to  range from a ratio of 10 (Arco) to an 
energy standoff (Texaco), while the US. Federal Energy Administration wonders whether a mammoth 
shale oil operation would consume more energy than i t  yields (7.8). I n  contrast, coal gasification i s  
stated to have a recovery ratio, at least for one system, of 5 (7). Conversion of biomass and wastes to 
synfuels appears to be characterized by relatively high energy recovery ratios (1,2,9). 

I 

1 materials should be performed by consideration of the economics and the net energetics. This approach 

I 

\ are considered, such as mining uranium iron ore, enriching nuclear fuel, and fabricating and operating 

the energy invested in a nuclear power plant during construction i s  repaid after only 2.3 months of full , 



An important factor that is often ignored in energy input-output analyses is  that it is not essential for 
the energy consumed in the system to be less than the energy produced in the form of salable energy 
products. This depends on the quality of synfuel and the quality of the primary energy source as well as 
the quality of the external non-primary energy source inputs. Thus, oil shale cannot be utilized in the 
same manner as heating oil, which clearly has a higher intrinsic value than oil shale. So a synfuel 
production system that consumes more energy than it produces as salable synfuels may be acceptable 
and in fact necessary in some cases. 

The analysis of net energetics can be performed using many different methods and a myriad of symbols 
and definitions. For example, some energy analysts feel that only an analysis based on the Second Law 
can provide the ultimate answers in terms of where more available energy, in the thermodynamic sense, 
can be found to permit true efficiency maximization.* Others believe that the conventional energy 
balance i s  optimal because it is more realistic and easier to use. Indeed, for integrated synfuel production 
systems, entropic losses may not always be definable for al l  segments of the system, and a rigorous 
Second-Law analysis cannot be performed. In  the final analysis, it seems reasonable to assume t h a t  an 
integrated synfuel-production system i s  an isolated one into which primary and nonprimary energy 
inputs, suitably normalized with respect to quality, are injected, and salable energy products are 
withdrawn. After all. the energy products utilizable by the consumer correspond to the actual 
“available” energy. 

The location of the system boundaries is  of paramount importance in the net energy analysis of 
integrated synfuel production systems (10). It i s  probably desirable to transform the primary energy 
source, al l  materials used in building the system components, and all external energy inputs needed to 
operate the system, into their original sources in the ground. For example, the steel used in system 
construction consumed energy on fabrication and installation, yet i t s  energy precursors also include 
proportional energy increments from steel production, the energy required to mine the iron ore, and the 
energy needed to manufacture the materials of construction for the iron ore mines and steel plants. The 
definition of  system boundaries must also consider the nonadditive nature of different energy inputs by 
integrating them back to the original energy source, such as gasoline from crude oil and electricity from 
coal. Yet, coal and crude oil are not identical and the energies consumed by the system in terms of 
original energy sources in the ground are not strictly additive. The energy products of commercial 
systems wil l also not be single fuels, but wil l consist o f  several synfuels and salable by-products. 

Obviously, the details of the system design and i ts  boundaries, operating conditions, and constraints 
affect the net energetics, so it is  difficult to compare the conclusions of different studies, especially 
when the ground rules are not the same (1 1). An analytical methodology derived independently of the 
type of synthetic energy system would be very useful i f  valid predictions could be made by application 
of the method to integrated systems. The purpose of this paper, therefore, is  to  present a simple 
theoretical approach to net energetics based upon principles rather than actual system examples. This 
analysis emphasizes the quantitative relationship of the external energy inputs to the net energetics of an 
energy-producing system. It is believed that the use of this concept in conjunction with economic 
projections will facilitate the comparative analysis of a broad range of systems and permit the selection 
of those systems that can add the largest amount of salable new energy to our economy. 

‘ 

DERIVATION OF RELATIONSHIP 

A totally integrated synfuel or synthetic energy system is composed of many different unit operations. 
For example, a ma l  gasification system for the production of S N G  consists of coal mining, 
transportation of coal to the gasification plant site, conversion of the coal to  SNG and other products, 
disposal of  unwanted residuals, transport of the gasification plant products to transmission lines and 
product distribution points, transport of  these products to storage and the end-product users, and 
recycling of  certain product streams such as water to particular unit operations. Air, water, and land 
pollution control and the acquisition of raw materials other than the primary energy source (coal) are 
some of the supporting activities in a hypothetical system for producing salable SNG. 

All of these unit operations require energy in one or more forms. 

* A generalized definition for the Second-Law eff ic iency i s  the ratio of  the least available work 
required to  the actual  available work used and includes entropy changer. 
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For a totally integrated synthetic energy-producing system composed of many different unit operations 
in the steady state, the overall efficiency for salable energy production i s  given by: 

E. -- 
EF + Ex - fsy 

Where, per unit of primary energy source: 

Ep = Energy content of salable energy products 

1) 

EF  = Energy content of primary energy source 

EX = 

fSy = Energy production efficiency. 

Sum of energy contents of al l  energy inputs except primary energy 
source 

EX includes the nonprimary energy inputs and, depending on the system boundaries, the capital energy 
investment in system construction possibly amortized over the life of the system or specific system 
units, and the energy consumed in producing the materials introduced into the operating system. 

Similarly. the energy production efficiency for the same integrated system is given by: 

fSv 
fl.f2'f3""fn = 

where: 
= The energy efficiency of each unit operation in the integrated system.' f ....f 

l n  
Lumping all unit operations except one together gives: 

f f  = f  2) 
0 P sv 

where: 

fo = The product o f  the energy efficiencies of all unit operations except one 

fp = The energy efficiency of one unit operation such as the process for 
converting the primary energy source to  synfuel 

tquating (1) and (2) and rearranging gives: 
ED 

- -  
fp(EF EX) - f o  

Now, le t  the net energy production ratio (N) for the integrated system be given by: 

Ep - (nEF + mEX) = 

(nEF + mEX) 
N 

3) 

4) 

where: 

n = 

m = 

(nEF + mEX) = Total energy consumed by integrated system 

Fraction o f  EF diverted to other than salable energy products 

Fraction of  EX diverted to other than salable energy products 

This model assumes that the energy "consumed" within the integrated system consists of energy losses 
and the energy diverted to other than salable energy products. The model also assumes that Ep i s  derived 
from EF or both EF and EX. Diagrammatically, the system can be represented by: 

EF+==)---Ep Integrated System 

"EF + mEX 

. F~~  system^ that contain parallel unit operationr,esh parallel block is one unit operation. 
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The input-output balance is: 

EF + E X =  Ep+ "EF t mEX 

The coefficient, m, i s  1.0 in many systems that consist of individual unit operations where none of EX 
contributes to Ep, such as in gas transmission and coal mining. In other systems. m can be less than 1.0 
because some of the unit operations derive a portion of Ep from EX. For example, EX might be used to 
generate hydrogen from water for use within the system to convert the primary energy source to energy 
products. 

I f  al l  the energy consumed is of the nonprimary type, i.e.. n i s  zero, the total system i s  replacing exactly 
the amount of external nonprimary energy source inputs consumed as salable synfuel when N i s  zero. 
When N i s  greater than zero, the total system is producing an amount of energy as salable synfuel equal 
to the sum of the external nonprimary energy source inputs consumed by the system plus an additional 
increment as salable synfuel. Where part of the energy content of the primary energy source i s  used 
within the integrated system, this energy input (nEF) is  added to mEX to .compute N by equation (41. 
The variation of Ep and N with the type of energy consumed i s  summarized in Table 1. 

Table 1. VARIATION OF Ep AND N WITH TYPE OF ENERGY 

CONSUMED BY INTEGRATED SYSTEM 

Salable Energy Products, Ep 

Energy Consumed N = O  N < O  N > O  

All non-primary Ep = mEX Ep < mEX Ep > mEX 

All primary 

Non-primary and 
primary 

Ep = "EF Ep < "EF 

EP<(nEF t m E X )  

Rearranging (4) to solve for Ep and substituting for Ep in (31 provides: 

Ep> "EF 

Ep > (nEF t mEX) 

51 

For given values of N, f and fo, the total energy consumed by the integrated system is the same 
whether this input i s  madg up of "EF only, mE only, or both. So for various assumed values of N, f , 
and fo, the total energy consumed (nEF + mEXrcan be calculated as a function of EF and expressed 5s 
a percentage of the energy content of the primary energy source (percentage factor x EF). This can be 
achieved for example by assuming that "EF i s  zero and then solving for mEX. 

where: 

= Fraction of primary energy source energy equivalent utilized within 
system 

f0fp 
N t l - f  f 

O P  

Thus, Figure 1 shows a family of curves for N equal 0 to 20 and f equal 75% in which fo is plotted 
against this percentage factor. Figure 2 i s  a plot of the energy Pproduction efficiency of the fully 
integrated system (fsv) against this factor and was constructed in a similar manner. Several variations Of 
the plot format are of course possible, such as changing the units of the ordinate to consumed energy 
units by using a specified primary energy source. 

DISCUSSION 

The family Of curves presented in each figure illustrates the quantitative relationship Of the energy inputs 
consumed by the integrated system and the efficiencies of utilizing these inputs to the net energy 
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production ratio of the integrated system. For a given system, the higher the net energy production 
ratio, the greater the efficiency of converting the energy inputs to salable energy products. However. it 
can be seen from the curves in Figure 2 that a synfuel production system can be operated at a higher 
overall efficiency for salable energy production ( f  ) than a similar system, but s t i l l  have a lower net 
energy production ratio (1). The curves can thus aids& the comparative analysis of several systems. 

The curves can also be used for predictive purposes to assist in the optimization of a new system. For 
example, calculation of f from the synfuel conversion process characteristics and construction of the 
appropriate set of curves h i l a r  to those in Figure 1 permits the energy consumed (nEF t mE ) t o  be 
related quantitatively to fo and N. In an actual integrated system, tabulation of (nEF t mEX) $om the 
energy budget would permit the range of possible N’s to be determined as a function of fo. Depending 
on the actual values of the parameters, it might be concluded that a selected N value is not possible 
unless a finite improvement can be made in fo. Modification of one or more unit operations to supply 
the necessary incremental increase in fo could then be considered. Conversely, for a constant fo, a 
Figure-1 type plot could be prepared for a range of f ‘s of one unit operation, and its effect on the 
system NP and energy consumption could be considered ?n the same manner. 

Several interesting conclusions can also be drawn from the figures regarding the characteristics of 
integrated energy-producing systems. I t  can be seen that (nEF t mEX) exhibits a series of maximum 
permitted values a t  the maximum fo; i.e., when a l l  of the unit operations except f are functioning a t  
idealized efficiencies of 100%. A-tabulation of the maximum energy inputs expresse8as the product of a 
percentage factor and EF can be compiled for different N‘s and f ’s as shown in Table 2. 

P 

Table 2. MAXIMUM VALUES OF TOTAL ENERGY INPUT 

N 

1 .o 
1 .o 
1 .o 
2.0 
2.0 
2.0 
3.0 
3.0 
3.0 
5.0 
5.0 
5.0 

10.0 

10.0 

10.0 

f ,% 
P 

100 
75 
50 
100 
75 
50 
100 
75 
50 
100 
75 
50 
100 
75 
50 

Factor. 

1 .ooo 
0.600 

0.333 
0.500 
0.333 
0.200 
0.333 
0.231 
0.143 
0.200 
0.143 
0.091 
0.100 

0.073 
0.048 

‘Maximum value of (nEF t mEX) i s  Factor x EF 

For a given value of N. the maximum value of the energy consumed decreases more rapidly with f at 
low N values as compared to the corresponding decrease at high N values, but the maximum vwue 
permitted at the higher N’s i s  quite small compared to the corresponding value a t  the low N’s. Thus, for 
high net energy production, the maximum energy input into the integrated system i s  a relatively small 
fractional equivalent of the energy content of the primary energy source even at the high f ‘I This 
means that high fo’s are very desirable in the development of synthetic energy production systfm;. For 
values of N of about 10 or more, the maximum value of the energy consumption a t  idealized fo’s or f ’S 

of 100% is less than one-tenth of EF in al l  cases. So in real systems where the fo’s and f ‘s are less tf?an 
100%. the maximum energy consumption permitted to achieve high net energy product% ratios will be 
considerably less than one-tenth of EF. (However, as alluded to in the Introduction, it i s  not essential 
that a l l  systems have high net energy production ratios because of the differences in quality of the 
energy inputs and products.) 
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Another observation that can be made from the figures i s  that at high N's, the rate of change of N with 
fo or fSy is small compared to the rate of change at smaller N's. The overall system efficiency wil l 
therefore have more effect on the absolute value of (nEF + mEX) at the lower net energy production 
ratios. 

SUMMARY 

The basic concept proposed in this paper is  believed to be broadly applicable and useful for the 
development of new synfuel supplies. The concept also suggests ground rules for the analysis of the net 
energetics of fully integrated systems. Support for the methodology i s  expected from i t s  application to 
real systems. 
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THE ENERGY ANALYSIS OF WOOD PRODUCTION FOR FUEL APPLICATIONS 

Norman Smith and Thomas J. Corcoran 

U n i v e r s i t y  of Maine, Orono, Maine 

I n t r o d u c t i o n  

Wood was t h e  prime f u e l  source  f o r  t h e  Uni ted  States  d u r i n g  much of 
t h e  1 9 t h  cen tu ry .  Consumption probably  peaked around 1880  a t  1 4 6  m i l l i o n  
cords*  pe r  year .  Coal rep laced  wood f o r  m o s t  a p p l i c a t i o n s .  However, use 
of  wood f o r  r e s i d e n t i a l  hea t ing  con t inued  t o  be impor t an t  i n  some r u r a l  
a r e a s  u n t i l  a f t e r  World War 11. R e s i d e n t i a l  u se  of w a s t e  wood and sawdust 
from wood u t i l i z i n g  i n d u s t r i e s  p e r s i s t e d  a f t e r  t h e  u s e  of wood ha rves t ed  
d i r e c t l y  f o r  f u e l  has  p r a c t i c a l l y  ceased .  

, t o  use  t h e i r  waste wood i n  b o i l e r s  t o  produce steam f o r  e l e c t r i c i t y  
g e n e r a t i o n  and p rocess  h e a t .  However t h e  convenience and low c o s t  of 

' heavy o i l  f u e l s  caused a l l  b u t  a v e r y  sma l l  number of o p e r a t i o n s  t o  cease  
u s i n g  t h e i r  waste wood. The c o n i c a l  i n c i n e r a t o r  became a common s i g h t  a t  
sawmills i n  t h e  1960s wh i l e  wood d r y i n g  k i l n s  w e r e  be ing  f i r e d  by o i l  i n  
ano the r  p a r t  of t h e  yard .  

Sa lvage  of waste wood from sawmil l s  began anew a few y e a r s  ago  when 
some paper m i l l s  began t o  expe r i ence  pulpwood shor t ages .  Discarded  p i eces  
w e r e  ch ipped  and so ld  f o r  pu lp ing .  More r e c e n t l y  t h e r e  has  been i n t e r e s t  ' 

', i n  u s ing  bark  a s  b o i l e r  f u e l  p a r t l y  because  of  t h e  d i s p o s a l  problem and 
p a r t l y  because of i nc reased  f u e l  p r i c e s .  S ince  t h e  Arab o i l  embargo of 
1973 s e r i o u s  a t t e n t i o n  h a s  been g iven  t o  use  of wood as a f u e l  on a l a r g e  

', scale. For example, Szego and Kemp (8)  have eva lua ted  t h e  p o s s i b i l i t y  Of 
energy  fa rms  on which woody p l a n t s  would be produced f o r  f u e l  use.  The 
Maine O f f i c e  of Energy Resources ( 9 )  has  ana lyzed  t h e  p o s s i b i l i t y  o f  
methanol product ion  from wood. Huff ( 4 )  h a s  r e p o r t e d  on t h e  development 

i of  an  a u t o m a t i c a l l y  c o n t r o l l e d  fu rnace  s u i t a b l e  f o r  r e s i d e n c e s  which can 
burn wood c h i p s  made from logging  r e s i d u e s  o r  puckerbrush. Smith ( 7 )  ' has  examined concep tua l  des igns  f o r  mechanized s h o r t  r o t a t i o n  f o r e s t r y ,  

: p a r t i c u l a r l y  t h e  h a r v e s t i n g  phase.  

Methods of wood h a r v e s t i n g  have been r e v o l u t i o n i z e d  r e c e n t l y  as 
, mechaniza t ion  has  come t o  f o r e s t r y .  A number of h a r v e s t i n g  methods a r e  

now i n  use  i n  which t h e  b a s i c  o p e r a t i o n s  of  f e l l i n g ,  t r a n s p o r t  t o  a 
l and ing ,  p rocess ing  and loading  f o r  t r a n s p o r t  are approached i n  v e r y  

' d i f f e r e n t  ways. Th i s  paper examines t h e  energy  i n p u t s  t o  e a c h  sub 
' o p e r a t i o n  t o  a l low e s t i m a t i o n  of to ta l  energy  r e l a t i o n s h i p s  f o r  any 

complete system whether o r  no t  it i s  c u r r e n t l y  i n  use .  

*A co rd  i s  a volume measure of 1 2 8  f t  o f  p i l e d  round wood, u s u a l l y  

A number o f  i n d u s t r i e s  cont inued  

> 

. 3  

r e p r e s e n t e d  a s  a p i l e  o f  4 f t  l o g s ,  4 feet  h igh  and 8 f e e t  long. Volume 
s c a l i n g  i s  s t i l l  much used i n  f o r e s t r y  a s  many o p e r a t i o n s  are volume 
r a t h e r  t h a n  weight s e n s i t i v e .  However a co rd  r e p r e s e n t s  v e r y  d i f f e r e n t  
we igh t s  of d r y  m a t t e r  depending on t h e  s p e c i e s  of wood. 
a l s o v a r i e s  g r e a t l y  wi th  mois ture  c o n t e n t .  Green wood i s  around 50% 
mois tu re  c o n t e n t .  Dry ma t t e r  p e r  cord  v a r i e s  from abou t  1 9 0 0  l b s  f o r  
p i n e  t o  3500 l b s  f o r  hardwood such  as b i r c h  and maple. 

Weight p e r  cord 
I 



It should b e  s t r e s s e d  tha t  f o r  a l a r g e  p o r t i o n  of U.S. f o r e s t  l a n d s  io 
t h e  o n l y  s i y n i . f i c a n t  o p e r a t i o n  involved i n  wood product ion  is t h a t  o f  
h a r v e s t i n g .  R e f o r e s t a t i o n  i s  o f t e n  by n a t u r a l  means, v e r y  l i t t l e  
f e r t i l i z a t i o n  o r  c u l t i v a t i o n  i s  c a r r i e d  o u t .  C o n s t r u c t i o n  of  a road  
network and a c t u a l  h a r v e s t i n g  of t h e  trees a t  t h e  end o f  t h e  growing 
c y c l e  is ,  by f a r ,  t h e  g r e a t e s t  purchased energy  i n p u t  t o  wood product ion.  
The energy  used i n  r o a d  b u i l d i n g  v a r i e s  g r e a t l y  w i t h  t e r r a i n  and h a r v e s t i n g  
p a t t e r n .  I t  i s  probably  s m a l l  i n  r e l a t i o n  t o  other i n p u t s  and is  neglec ted  
i n  t h i s  a n a l y s i s .  

Harves t ing  Equipment 

For many y e a r s  t h e  axe  and bucksaw w e r e  t h e  sole means o f  f e l l i n g  and 
p r e p a r i n g  wood f o r  t r a n s p o r t  t o  t h e  u s e r s '  p remises .  Primary t r a n s p o r t  
from t h e  stump t o  t h e  c o l l e c t i o n  p o i n t  a t  a r o a d s i d e  or on a r iverbank,  
was by horse  or ox team. Product ion  r a t e s  f o r  t h i s  system v a r i e d  
tremendously depending on s i z e  of trees, h a u l  d i s t a n c e s ,  t e r r a i n ,  etc. b u t  
i t  is  g e n e r a l l y  reckonned t h a t  one man can  f e l l ,  del imb,  c u t  up and load 
o n e  c o r d  of wood per  d a y  w h i l e  one h o r s e  w i l l  t a k e  about  two hours  t o  
d r a g  o u t  t h a t  volume of wood. 

1 

U s e  of g a s o l i n e  powered chainsaws h a s  i n c r e a s e d  a worker ' s  c a p a c i t y  
about  t e n  f o l d .  Modern saws a l l o w  a man t o  f e l l ,  del imb and c u t  up about 
1 .3  c o r d s  per  hour.  U s e  of s m a l l  t r a c k e d  v e h i c l e s  equipped w i t h  winches 
t o  s k i d  out  bunches o f  tree t r u n k s  d i s p l a c e d  t h e  horse  and ox, b u t  a 
m u l t i t u d e  of new equipment i s  now d i s p l a c i n g  these d e v i c e s .  

t h i s  s t u d y  f o l l o w :  

Chain saw: A p o r t a b l e ,  g a s o l i n e  engined,manual ly  c o n t r o l l e d  machine wi th  

Fel ler-Buncher:  A mobile machine des igned  t o  s h e a r  a tree a t  t h e  stump, 
and hold it by means of  a clamp and c u t t i n g  head whi le  i t  
swings and d e p o s i t s  t h e  tree o n t o  a p i le  on  t h e  ground. The 
c u t t i n g  head i s  u s u a l l y  composed of t w o  h y d r a u l i c a l l y  
a c t u a t e d  s h e a r i n g  b lades .  Power requi rements  are from 8 0  - 
130 horsepower.  

S h o r t  d e s c r i p t i o n s  of t h e  main c l a s s e s  of equipment cons idered  i n  

l a too thed  c h a i n  used t o  f e l l  t r e e s  and remove limbs. 

Delimber Buncher: A mobile machine c a r r y i n g  a u n i t  which s t r i p s  t h e  l imbs 
and t o p  o f f  t h e  bole of a p r e v i o u s l y  f e l l e d  t r e e  and d e p o s i t s  
t h e  s t r i p p e d  b o l e  i n  a p i l e  on t h e  ground ready  f o r  removal 
from t h e  stump a r e a  t o  a r o a d s i d e  landing .  Usual ly  r e q u i r e s  
around 1 2 0  horsepower. 

Wheeled Skidder:  A t r a c t o r  u n i t ,  u s u a l l y  wi th  frame s t e e r i n g  and four  
wheel dr ive ,equipped  w i t h  a winch or g r a p p l e  which g a t h e r s  and 
s k i d s  l o a d s  of f u l l  trees, tree l e n g t h  b o l e s  or l o g s  behind 
i t s e l f  from t h e  stump a r e a  t o  a r o a d s i d e  landing .  Power 
requi rement  u s u a l l y  exceeds70 horsepower.  

h y d r a u l i c a l l y  o p e r a t e d  g r a p p l e  and l o a d i n g  boom and a catrier 
o r  bunk t o  s u p p o r t  i t s  load  of  l o g s .  Horsepower requirements  
v a r y  from 40 t o  100 horsepower depending on s i z e .  

Wheeled Forwarder:  A frame s t e e r e d , s e l f - l o a d i n g  v e h i c l e  equipped wi th  

\ 



Loader: A hydraulically operated boom and grapple which can be mounted 
on a truck chassis. It is used to gather logs or tree lengths 
from a pile and build a load on a truck body. 
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Chipper: A machine which reduces logs and tree length wood to small chips 
by means of a rapidly rotating drum or disc,carrying a series of 
blades. The chips usually leave the cutting device in an air- 
stream induced by the fan effect of the chipping mechanism and 
are thus automatically conveyed into transport vehicles or stock- 
piles. 

Power requirements are around 300 horsepower for a machine capable 
of chipping around 25 tons per hour. 

Energetics of Mechanized Harvesting Systems 

for the various pieces of equipment previously described. The writers 
were fortunate in that the American pulpwood Association published the 
results of a 1974 survey of members' operations (1) while this paper was 
being written. Whenever possible the data from that survey was used in 
preparing the table. The data sources from which other figures were 
calculated are indicated in the footnotes. Figures for the energy subsidy 
represented by the energy used in manufacturing the equipment are very 
approximate and were derived by assuming an average figure of 25,000 BTU 
per lb consumed in the manfacturing process (most of the equipment weight 
is in the form of steel which requires around 21,000 BTU per lb in the 
transformation from ore in the ground to steel plate (2)). The energy 
used in manufacture was divided by the approximate lifetime production of 
the equipment to arrive at a figure of BTU/ton of dry wood. 

Table I shows typical production rates and fuel consumption figures 

The approximate energy cost of practically any system of production 
using present equipment can be calculated from the table. For example, 
a very common system uses chain saw felling and delimbing, tree length 
skidding to a forest landing, loading the tree length material onto large 
trucks for transport to a mill yard, unloading by the same type of loader 
used in the woods, followed by chipping. 

Many operators are now moving toward chipping whole trees in the 
woods with a fully mechanized system. The steps might be as follows: 
-Felling with a feller-buncher; grapple skidding to a landing; chipping, 
with pneumatic conveying into trucks as an integral part of the operation; 
transport; unloading by tipping the whole truck body backwards to dump 
the chips by gravity. 

including a 50 mile haul to the utilization site, which appears to be a 
fair average for much of the U.S. 

Table I1 illustrates the breakdown of energy use in these two systems, 

Several interesting facts appear from the comparison: 

1. Both methods, though very different in procedure, have approximately 
the same unit energy consumption. In fact this is so for most of the 
mechanized systemsfor producing wood from the tree trunk. Perhaps 
this is not surprising as most of the same operations appear in each 
system though they may be performed in a different order. 



12 2. Transportation, even if only to a user 50 miles from the growing site 
can represent almost 50% of the total energy input to present the 
product to the consumer. 
be made by consuming the wood closer to the growth site. However, 
economics rather than energetics will decide whether this will be 
done. 

It may seem that substantial savings could 

3 .  Reduction of the wood from tree length to the convenient form of 
wood chips takes only about 20% of the energy used in production. 
Even though the bulk of the wood is considerably increased by chipping, 
weight,not volume,remains the limit on load size for transportation. 
The bonus of self loading from the chipper and easy unloading of 
chips make in-forest chipping very attractive. 

4 .  Comparing the energy consumption in these systems with the man-axe- 
horse combination of the past, where about 8 man hours and two horse- 
power hours produced one cord of wood ready for transport, shows one 
of the problems of mechanization. If an overall efficiency of 20% 
is assumed for the animal power units involved, the energy required 
to prepare the wood for transport to the user would be less than 
30,000 BTU per ton of dry material. This compares with about 200,000 
BTU/ton for the same operations in mechanized systems. The same order 
of increase in energy consumption per unit of production can be found 
in mechanized agriculture (6). However, the comparison of energy use 
to energy yield is still very favorable. A ton of dry material has 
a gross energy content of about 16 million BTU. Even allowing for 
the fact that each ton of dry matter is delivered in the form of 
green wood containing, for example, 50% moisture, ie with a ton of 
water to be evaporated per ton of dry materia1,the net energy 
available will exceed 14 x 106 BTU/ton of dry material. 

On this basis the energy used in processing the wood represents less 
than 4 %  of the energy available from the wood. 

5. The energy input to wood production in the form of equipment manufacture 
is fairly small in relation to energy for operating the equipment. 
Manufacturing energy subsidy is less than 20% of the total energy 
input per ton of wood for all of the equipment in Table I and averages 
around 10%. 

It would certainly appear that fuel used to manufacture and operate 
machinery to produce wood for fuel would be energy well used. 
it must be remembered that use of wood, as currently harvested, for fuel 
would compete with other wood uses, such as for paper and lumber. In all 
probability any large scale use of wood for fuel will need to come from 
an increase in production over and above current needs. 

The most obvious source of additional wood is in the parts of the 
tree now discarded - the branches and tops, along with undersized and 
other undesirable trees. 
the growth on land now harvested, i.e. on land which has a road system 
already developed and paid for by other forest products. 
material and small trees will probably need to be chipped as early in the 
harvesting process as possible to reduce bulk and provide an easily 
handled product. 

would be to skid whole trees to the landing, use a delimber in a stationary 
Position and chip anything stripped off bhe boles. 

However 

This material probably represent around 2 0 %  of 

The branch 

TWO basic methods of handling the branch material are possible. One 

Skidding whole trees 
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would be very little different from skidding delimbed material, but experi- 
ence has shown that up to half of the branches are broken off as the trees 
are skidded out. .Feeding the stripped branches into a chipper need be 
no more energy consuming than feeding tree length logs. The second system 
might use a delimber at the stump and leave the branches and undesirable 
wood at the growth site. Some work has been reported from Finland ( 3 )  
on this possibility. Small bulldozers or wheeled loaders were used to 
pile up the branch material which was then brought out by a skidder/ 
forwarder for processing at the landing or a later stage. Performance 
figures from this experimental operation are included in Table I. 

these harvesting residues. Once again it is apparent that the wood fuel 
can be delivered to a consumer for less than 5% of its energy content. 
The more economical method unfortunately loses a good percentage of the 
branch material. This leads to the consideration of increasing production 
of wood specifically for fuel. It is generally accepted that in Northern 
areas growth to maturity averages about 1 ton of dry matter per acre per 
year. However Ribe ( 5 )  has shown that more than two times the wood present 
at harvest of a mature stand has grown and died in the competition for 
sunlight and rotted away during the growth of the stand. This indicates 
that visiting each site perhaps twice during the growing cycle to remove 
dead wood and thin too-dense areas could increase total yields of wood by 
perhaps 100%. Iduch of the material obtained would probably be "fuel 
grade". However the economics of such a practice are unknown and the 
question ofwhat effect removal of such quantities of material might have 
on the available nutrient pool in the soil is certainly important. 

rotation forestry where small trees might be harvested every five or 
ten years with a mobile mower/chipper laid out similarly to a grain combine. 
There are distinct engineering economies to this type of machine where each 
component performs its function the whole time, for example, the mowing 
mechanism mows continuously and the chipper is continuously loaded. 
Equipment for full size tree handling operates intermittently e.g. the 
shear on a feller buncher shears the tree and then is out of use until 
the tree has been lifted and bunched by the other parts of the machine. 
Such a machine might be expected to cover one acre per hour for a through- 
put of about 20 tons of wood. 

Table I11 compares the additional energy inputs needed to obtain 

A further possibility for wood fuel production is for intensive short 

Fertilization of fast growing species in a short rotation system 
could produce annual yields of around 5 or 6 tons of dry matter. 
The use of species which would grow up from existing root systems could 
provide very fast regeneration after harvest, though wood from such species 
might be of too low quality for use other than as fuel. Replanting might 
be necessary only after four or five harvesting cycles - perhaps only 
every 20 years. Assumptions and energy cost estimates for such a system 
are given in Table IV. 

The intensified production, as in agriculture, results in a greater 
energy cost per unit of production, with approximately half the energy 
input accounted for by fertilizer. Omission of the fertilizer would 
probably reduce the annual yield to around 2-3 tons per acre, but would 
bring the energy cost per unit in line with long rotation systems. It 
is interesting to speculate what might be done to fertilize intensive 
energy farms with garbage and sewage sludge. Actual field experiments 
would be well worthwhile. However, even with full fertilization, wood 
fuel from short rotation systems can probably be produced at an energy 
cost not exceeding 7% of its energy content. 



In summary it can be said that the energetics of wood fuel are very 
attractive. The fuel itself has many desirable qualities - it contains 
practically no sulphur, only about 1% ash, can be burned cleanly, is 
reasonably compact (about 100,000 BTU/ft3 in chip form) and represents 
a renewable energy source. Nevertheless economics will decide the accepta- 
bility of wood fuel. A material as versatile as wood will be competed for 
by many different uses. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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15 TABLE I 

APPROXIMATE ENERGY USE IN WOOD PRODUCTION OPERATIONS 

A. Energy Subsidy due to Equipment Manufacture 

Machine Typical Production Life Manufacturing 

Operation (lb) 

Type Machine Rate Energy Subsidy 
o r  Weight (BTU/ton dry woodIb 

(Felling and 
delimbing) 
Feller-Buncher 
Delimbin : 
d n c h e r  
Trans. to Landing: 
Wheeled Skidder 
whole trees 
Forwarder 
residues 
Wheel loader: 
prebunch 
residues 
Yard Operations 
Chain saw: 
Bucking to 
short lengths 
Loading : 
tree length 
Truckinq: 
small truck 
large truck 
Chipping 
whole tree chipper 
Auxiliary 
management 
vehicles etc. 

10 

52,000 

45,000 

25,000 

27,000 

4,000 

10 

25,000 

12,000 
25,000 

57,000 

4,000 

2 . 6  cords/hrC 

8.38 cords/hrc 

9 cords/hre 

3.08 cords/hr 

9.2 green/tonsf 

4.5 green/tonsf 
hr 

3.65 cords/hrc 

10.78 cords/hF 

10 cords/hr 

2,000 hrs 

10,000 hrsd 

10,000 hrsd 

13,000 hrsd 

13,000 hrsd 

13,000 hrsd 

2,000 hrs 

10,000 hrs 

300,000 mid 
500,000 mid 

10,000 hrsd 

100,000 mi 

3 2 . 0  

10,350 

8,350 

10,400 

11,300 

3,400 

23.0 

3,900 

6,700: 
3,30d 

9,500 

1,000k 

a. Assumes 25,000 BTU/lb consumed in equipment manufacture. 
b .  

d .  
e .  
f .  
g .  
h .  
i. 

k. 

C .  

j. 

Assumes 3,000 lb dry wood per average cord. 
Source - "Fuel Requirements for Harvesting Pulpwood" - APA Survey 
Source - Estimate of Woodlands Manager. 
Source - Average of two company operations. 
Source - Folia Forestalia 237 - Finnish Forest Institute 
Estimate based on engine size and research reports. 
Average figures for 100 mile round trip. 
10 cord loads, handles 45,000 tons in useful life 
25 cords, loads handles 187,500 tons during useful life. 
Assumes 1 vehicle per fully mechanized harvesting crew. 
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APPROXIMATE ENERGY USE IN WOOD PRODUCTION OPERATIONS 

B. Equipment Operation and Overall Energy Requirements 
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Machine Fuel Energy Useb Total Energy Require- 

or wood wood) to nearest 1000 
Type Consumption (BTU ton dry) ments (BTU/ton dry 

0.41 qal/cordc 33,000 
(felling and 
delimbing) 
Feller-Buncher 0.64 crals/cdc 59 -700 - .  
Delimbing : 
Limber Buncher 0.62 gals/cdd 57,900 
Trans. to Landinq 
Wheeled Skidder 

33,000 

70,000 

66,000 

whole trees 0.95 gals/cd 88,500 99,000 

residues 0.41 gals/green tong 115,OO 126,000 

prebunch 0.24 gals/green tong 67,200 71,000 
residues 

Forwarder 

Wheel loader: 

Yard Operations 
Chain saw: 
Bucking to 0.39 gals/cdc 31,200 
short lenuths 

Loading: 

Trucking : 
tree length 0.47 gals/cdc 43,500 

sma 11 truck .04 gals/cd mf' 373,000 
large truck .02 gals/cd ,Ic 187,000 

m e e  -7 gals/cordd 65,500 
chipper 

31,000 

47,000 

380,000 
190,000 

75,000 

Auxi 1 i ary 
management 0.72 qals/cd 57,600 59,000 
vehicles etc. 

a .  Assumes 25,000 BTU/lb consumed in equipment manufacture. 
b. Assumes 3,000 lb dry wood per average cord. 
c .  Source - "Fuel Requirements for Harvesting Pulpwood" - APA Survey. 
d. Source - Estimate of Woodlands Manager. 
e .  Source - Average of two company operations. 
f .  Source - Folia Forestalia 237 - Finnish Forest Insitute. 
g. Estimate based on engine size and research reports. 
h. Average figures for 100 mile round trip. 
i. 10 cord loads, handles 45,000 tons in useful life. 
j. 25 cords, loads handles 187,500 tons during useful life. 
k .  Assumes 1 vehicle per fully mechanized harvesting crew. 
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TABLE I1 

ENERGY USE IN TWO WOOD PRODUCTION SYSTEMS 

Tree length System 

Felling and Delimbing 

Skidding 
Loading (tree length) 
Transport (50 miles one 
Unloading 
Chipping 
Auxiliary 

(Chain saw) 

Whole tree chip system 

Felling and Bunching 
Skidding 
Chipping 
Transport 
Unload 
Auxiliary 

way) 

Total 

Total 

BTUITon dry wood 

33,000 

99,000 
47,000 

190,000 
47,000 
75,000 
59,000 

550,000 

70,000 
99,000 
75,000 
190,000 
negligible 
59 , 000 

493,000 

\ 



TABLE I11 

ENERGY USE I N  HARVESTING FOREST RESIDUES FOR FUEL 

(a) Whole trees sk idded ,  
delimbed a t  l a n d i n g  

BTU/ton d r y  wood 

Add i t iona l  ene rgy  cost of n e g l i g i b l e  

Chipping 75,000 

Unload n e g l i g i b l e  
A u x i l i a r y  a c t i v i t i e s  59,000 

T o t a l  324,000 

s k i d d i n g  

Transpor t  190,000 

( T h i s  system p robab ly  l o s e s  h a l f  t h e  a v a i l a b l e  material  i n  
sk idd ing)  

(b) Residues prebunched i n  stump a r e a ,  
Forwarder u sed  t o  t r a n s p o r t  
to l a n d i n g  

Prebunching r e s i d u e s  
Forwarding 
Chipping 
Transpor t  
Unload 
A u x i l i a r y  a c t i v i t i e s  

T o t a l  

71,000 
126,000 

75,000 
190,000 
n e g l i g i b l e  

59,000 
521,000 

18 
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TABLE IV 

PROBABLE ENERGY REQUIREMENTS FOR A SHORT 
ROTATION WOOD FUEL CROP 

Assumptions 

Cultivate and plant at 20 year intervals - 6 gallons fuel/acre/planting 
Growth rate - 5 tons/acre/year 
Fertilizer'- 200 lb nitrogen/acre/year I3 13,000 BTU/lb mfg. and application 

cost 
Harvesting - equivalent to present chipping in energy cost 
Transport to truck or stockpile - equivalent to skidding 
Loading trucks from stock pile or primary transport - equivalent to tree 

length loading 

Energy Use Estimates 

Cultivation and Planting 
Fertilization 
Harvesting 
Transport to stockpile 
Load trucks 
Transport to User 
Unload 
Auxiliary operations 

Total 

BTU/ton dry wood 

8,000 
520,000 
75,000 
99,000 
47,000 

190,000 
negligible 
59,000 

998,000 
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AN ENERGY BUXET FOR A HYPOTHETICAL BIOMASS PLANTATION 

Robert E.  Inman 
Manager, P l a n t  Biology 
Stanford  Research I n s t i t u t e  
Menlo P a r k ,  CA 94025 

Any f u e l  product ion  process  is s e n s i t i v e  t o  energy expendi ture ,  
s i n c e  i t s  n e t  va lue  a s  a product ive  process  must be determined by 
weighing t h e  q u a n t i t y  of  energy produced a g a i n s t  t h e  q u a n t i t y  con- 
sumed dur ing  t h e  process .  A c o a l  mining process ,  f o r  example, must 
d e l i v e r  more energy i n  t h e  form of c o a l  than i t  consumes i n  c o a l  
e q u i v a l e n t s  dur ing  t h e  process  of  mining and t r a n s p o r t i n g  t h e  coa l .  
A s  long a s  the  n e t  balance i s  s u f f i c i e n t l y  i n  favor  of  energy c a p t u r e ,  
t h e  process  i s  worthwhile. I f  t h e  ba lance  should swing i n  favor  o f  
f u e l  o r  energy consumption, t h e  c o a l  i s  b e t t e r  l e f t  i n  t h e  ground, 
o t h e r  t h i n g s  be ing  equal .  The s o l a r  energy used t o  manufacture  the 
organic  raw m a t e r i a l  f o r  t h e  c o a l  and t h e  geologic  p r e s s u r e s  t h a t  
combined through t h e  ages t o  t ransform t h a t  m a t e r i a l  i n t o  c o a l  need 
n o t  be considered i n  t h e  energy budget. The expendi ture  of t h e s e  
e n e r g i e s  was c i r c u m s t a n t i a l  to  man's need f o r  or h i s  a b i l i t y  t o  u s e  
t h e  end product and t h e r e f o r e  i s  c i r c u m s t a n t i a l  t o  t h e  process .  

The va lue  of  p l a n t  biomass product ion f o r  u s e  a s  an energy 
feeds tock  must a l s o  be eva lua ted  on t h e  b a s i s  of i t s  energy budget. 
The product ion and c o l l e c t i o n  of  p l a n t  biomass r e q u i r e  energy expen- 
d i t u r e ,  which must be weighed a g a i n s t  t h e  energy va lue  of  t h e  biomass 
produced to  determine t h e  n e t  va lue  of  t h e  process .  I f  t h e  i n p u t  
requi red  is g r e a t e r  than  t h e  energy e q u i v a l e n t  t h a t  can be h a r v e s t e d ,  
t h e  biomass is b e t t e r  l e f t  i n  t h e  seed.  As i n  t h e  c a s e  of  c o a l ,  
t h e  s o l a r  energy input  need n o t  be cons idered  a s  energy expended, 
f o r  i n  s p i t e  of i t s  c r i t i c a l  r o l e  i n  p l a n t  biomass product ion i t s  
advent i s  c i r c u m s t a n t i a l  t o  man's c a p a b i l i t y  t o  u t i l i z e  biomass. 
Likewise, t h e  c a l o r i f i c  or p h y s i o l o g i c a l  energy consumed by human l a b o r  
dur ing  t h e  process  i s  a l s o  d iscounted ,  s i n c e  i t  i s  assumed t h a t  t h e  
l a b o r e r s  would consume t h a t  energy r e g a r d l e s s  of where o r   ether 
they labored.  

To determine t h e  energy budget f o r  biomass product ion i t  i s  f i r s t  
necessary  t o  e s t i m a t e  t h e  energy va lue  of t h e  a n t i c i p a t e d  biomass 
y i e l d .  A y i e l d  of  30 d r y  t o n s  per  acre-year  h a s  been suggested a s  a 
r e a l i s t i c  f i g u r e ,  p rovid ing  t h a t  an adequate  developmental r e s e a r c h  
program is  i n i t i a t e d .  The energy captured  i n  30 dry tons  i s  450 
m i l l i o n  Btu,  assuming a h e a t i n g  va lue  of 7,500 Btu p e r  dry  pound. 

Next ,  energy consumption must be es t imated .  This  t a s k  r e q u i r e s ,  
f i r s t ,  t h a t  a biomass farming system be v i s u a l i z e d ,  then t h a t  t h e  
energy consuming o p e r a t i o n s  t h a t  mediate t h e  system be s p e c i f i e d ,  and 
f i n a l l y  t h a t  t h e  energy consumed i n  each of t h e  o p e r a t i o n s  be determined,  
and t h e i r  sum c a l c u l a t e d .  
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The biomass product ion  system envisaged is  t h e  formal  biomass 
p l a n t a t i o n .  The o b j e c t i v e  of  t h e  p l a n t a t i o n  would be to  produce 
through i n t e n s i v e  farming p r a c t i c e s  t h e  g r e a t e s t  amount of biomass 
p o s s i b l e  per  u n i t  t ime-space,  a t  t h e  lowest  p o s s i b l e  c o s t ,  and with a 
minimum of energy expendi ture .  

Conceptua l iza t ion  of  t h e  P l a n t a t i o n  

A biomass p l a n t a t i o n  would be r e l a t i v e l y  l a r g e  i n  terms of 
convent iona l  a g r i c u l t u r e ,  covering perhaps an a r e a  15 mi les  square  
(144,000 acres ) .  A f a c i l i t y  f o r  conver t ing  t h e  biomass t o  u s a b l e  
energy,  (e .g . ,  e l e c t r i c  power p l a n t ,  g a s i f i c a t i o n  p l a n t )  would be 
l o c a t e d  a t  the c e n t e r  o f  t h e  p l a n t a t i o n .  The biomass c rop  would c o n s i s t  
of a conglomerate o f  s p e c i e s  s e l e c t e d  p r i m a r i l y  on t h e  b a s i s  of high 
biomass y i e l d .  The biomass c rops  with t h e  h i g h e s t  y i e l d s  would be 
l o c a t e d  in the  c e n t e r  o f  t h e  p l a n t a t i o n  t o  reduce t h e  costs of  t r a n s -  
p o r t a t i o n  of d r i e d  biomass from t h e  drying a r e a s  to the conversion 
f a c i l i t y .  Lower y i e l d i n g  s p e c i e s ,  such a s  s h o r t - r o t a t i o n  hardwoods, 
would be loca ted  a t  t h e  f r i n g e s  of t h e  p l a n t a t i o n  or perhaps i n  c e r t a i n  
s e c t i o n s  o f  t h e  p l a n t a t i o n  on land t h a t  was marginal  f o r  a g r i c u l t u r a l  
p roduct ion .  Each s p e c i e s  would be c u l t i v a t e d  i n  accordance with 
optimum p l a n t i n g ,  h a r v e s t i n g ,  and r o t a t i o n  schedules  a s  determined 
i n  e a r l i e r  f i e l d  t e s t i n g  programs. Schedules would e n t a i l  m u l t i p l e  
cropping o f  annuals  and m u l t i p l e  h a r v e s t i n g  of  p e r e n n i a l s .  I n d i v i d u a l  
c rop  schedules  would be i n t e g r a t e d  to  provide a s  n e a r l y  a s  p o s s i b l e  a 
cont inuous supply o f  biomass t o  t h e  conversion f a c i l i t y .  Convent ional  
fanning p r a c t i c e s  would b e  used where a p p r o p r i a t e  or modif ied t o  e x p l o i t  
e i t h e r  product ion p o t e n t i a l  o r  energy-costs  sav ings  to t h e  f u l l e s t  
e x t e n t  poss ib le .  Examples o f  such modi f ica t ions  would be t h e  u s e  o f  
"no- t i l l ' '  methods, the  h a r v e s t  of r o o t s  and crowns i n  a d d i t i o n  t o  a e r i a l  
p l a n t  p a r t s  (annual  c r o p s ) ,  and t h e  u s e  of unders tory  o r  shade-loving 
crops  capable  o f  f u l l  growth and development beneath t h e  canopies  of  
t h e  primary biomass c rops .  Sun-drying of harves ted  biomass would be 
accomplished a t  s t r a t e g i c a l l y  l o c a t e d  dry ing  a r e a s .  Yie lds  of  30 tons  
of  dry  biomass p e r  acre-year  would be a n t i c i p a t e d .  

The p l a n t a t i o n  o p e r a t i o n  i d e a l l y  would produce t h r e e  c r o p s  of  
annuals  p e r  year  o r  a h a r v e s t  of  perennia l  c rops  t h r e e  times per  y e a r .  
Assuming the  u s e  of  n o - t i l l  methods, t h e  fo l lowing  sequence o f  f i e l d  
t a s k s  i s  envisaged. 

Before p l a n t i n g ,  the  f i e l d s  would be c l e a r e d  of weeds by t h e  
a p p l i c a t i o n  of an h e r b i c i d e  t o  e l i m i n a t e  competi t ion f o r  l i g h t ,  water ,  
and p l a n t  n u t r i e n t s .  P l a n t i n g  t h e  biomass c rop  could be  combined i n  
one opera t ion  with the a p p l i c a t i o n  of f e r t i l i z e r .  A t  an a p p r o p r i a t e  
i n t e r v a l  a f t e r  p l a n t i n g ,  a s i d e d r e s s i n g  of f e r t i l i z e r  would be a p p l i e d ,  
a l though i t  should be p o s s i b l e  t o  apply a d d i t i o n a l  f e r t i l i z e r  with t h e  
i r r i g a t i o n  water .  The biomass c rop  would be h a r v e s t e d  by means of 
s e l f - p r o p e l l e d  combines, which would chop t h e  biomass i n t o  smal l  p i e c e s  
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t o  f a c i l i t a t e  dry ing .  The chopped biomass would then be  t rucked t o  
one of  s e v e r a l  d r y i n g  a r e a s  on t h e  p l a n t a t i o n  and dumped, whereupon 
a t ruck  o r  s i m i l a r  v e h i c l e  f i t t e d  with a f ront-end b lade  would t u r n  
t h e  p i l e s  of biomass u n t i l  s u f f i c i e n t  d r y i n g  had occurred.  The 
sun-dried biomass would then  be  loaded i n t o  s u i t a b l e  conveyances 
f o r  t r a n s p o r t  t o  t h e  p l a n t  g a t e .  The schedule  of f i e l d  t a s k s  would be 
repeated t h r e e  t i m e s  each y e a r  f o r  annual c r o p s  such a s  sunflower or 
kenaf. 
on ly  once every t h r e e  t o  f i v e  y e a r s ,  even though t h e  a e r i a l  p o r t i o n s  o f  
t h e  crop were harves ted  t h r e e  t imes each year .  Shor t  r o t a t i o n  hardwood 
spec ies  would be harves ted  once every  one t o  t h r e e  y e a r s ,  dur ing  t h e  
win ter  months only.  

I n  t h e  c a s e  of perennia l  c r o p s ,  r e p l a n t i n g  would be necessary 

A i r c r a f t  would apply i n s e c t i c i d e s  and fungic ides  when and where 
needed, t h e  number of  a p p l i c a t i o n s  depending on t h e  c rops  grown and 
t h e  s e v e r i t y  of t h e i r  a s s o c i a t e d  p e s t  problems. I t  i s  assumed t h a t  
an average of two such o p e r a t i o n s  p e r  acre-year  would be  needed a c r o s s  
t h e  e n t i r e  p l a n t a t i o n .  

I r r i g a t i o n  water  would be appl ied  a t  two-week i n t e r v a l s  by an 
automatic center -p ivot  overhead s p r i n k l i n g  system capable  of water ing 
tw 160-acre p l o t s  per  24-hour day. The system could be  moved a s  
needed, r e q u i r i n g  about  t h r e e  hours  f o r  each changeover. I t  is 
ca lcu la ted  t h a t  t w o  and one- th i rd  systems would be needed t o  i r r i g a t e  
each 10,000 a c r e s  o f  t h e  p l a n t a t i o n .  The p l a n t a t i o n  may be p i c t u r e d  
a s  being l o c a t e d  i n  t h e  southwestern United S t a t e s ,  where c o n d i t i o n s  
would be t h e  most conducive t o  year-round product ion and a i r - d r y i n g  of 
t h e  biomass. 

The p l a n t a t i o n  would be opera ted  seven days per  week, 12 hours  
per  day. I r r i g a t i o n  a c t i v i t i e s  would be performed 24 hours  p e r  day. 

This  s y s t e m  was chosen a s  a s tudy  example because: 

I t  r e p r e s e n t s  t h e  u l t i m a t e  i n  an organized approach to biomass 
product ion and c o l l e c t i o n .  

I t  i s  t h e  system by which t h e  l a r g e s t  y i e l d s  can be r e a l i z e d  
i n  u n i t s  of  biomass produced p e r  u n i t  of t i m e  and space.  

- I t  i s  t h e  most energy i n t e n s i v e  system i n  regard  t o  t h e  
energy i n p u t  r e q u i r e d  t h a t  can be  v i s u a l i z e d  a t  t h i s  time, 
r e p r e s e n t i n g  perhaps a worst  case  s i t u a t i o n .  

The energy consuming o p e r a t i o n s  c o n s t i t u t i n g  t h e  system a r e  those  
concerned, e i t h e r  d i r e c t l y  or i n d i r e c t l y ,  with biomass growing and 
harves t ing .  These would i n c l u d e  n o t  on ly  such o p e r a t i o n s  a s  f i e l d  
t a s k s ,  which a r e  d i r e c t  u s e r s  of f o s s i l  f u e l  energy or consumers of 
e l e c t r i c a l  power on t h e  p l a n t a t i o n  proper ,  bu t  a l s o  t h e  manufactur ing 
processes  f o r  a l l  equipment and m a t e r i a l s  used i n  t h e  f i e l d  tasks .  
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A d i s c u s s i o n  of  energy consumption on t h e  h y p o t h e t i c a l  p l a n t a t i o n  is 
presented  below under  t h e  c a t e g o r i e s  of  d i r e c t  f u e l  and power usage,  
farm chemicals manufacture ,  and farm machinery manufacture. 

Direct Fuel and Power Usage 

The technique f o r  producing energy feeds tock  would n a t u r a l l y  be 
chosen with energy conserva t ion  i n  mind. Hence, t h e  p r a c t i c e  of  n o - t i l l  
farming,  which r e q u i r e s  a minimum o f  energy expendi ture  i n  t h e  f i e l d ,  is  
cons idered  a reasonable  and r e a l i s t i c  choice  f o r  t h e  biomass p l a n t a t i o n .  
The sequence of  f i e l d  t a s k s  was descr ibed  e a r l i e r .  The energy consumed 
i n  d i r e c t  f u e l  and power usage i s  shown i n  Table  1. 

With t h e  m u l t i p l e  cropping of annuals  i n  mind, i t  is envis ioned  t h a t  
t h i s  sequence of o p e r a t i o n s  would be  repea ted  t h r e e  t imes each y e a r ,  
y i e l d i n g  an annual t o t a l  of  30 t o n s  of  dry p l a n t  biomass p e r  a c r e .  I n  
t h e  case  of p e r e n n i a l  c r o p s ,  i t  is  apparent  t h a t  c e r t a i n  o p e r a t i o n s ,  
such  a s  h e r b i c i d e  a p p l i c a t i o n  and r e p l a n t i n g ,  would n o t  have t o  be 
performed t h r e e  t i m e s  each year  even though t h r e e  h a r v e s t s  p e r  year  
w e r e  reaped. Hence, f o r  c rops  such a s  Sudangrass, sugar  cane and 
f o r a g e  sorghums, t h e  energy expended m i g h t  be somewhat less than t h a t  
shown i n  Table 1. 

I r r i g a t i o n  water  would be a p p l i e d  a t  a r a t e  of f o u r  acre- fee t  
p e r  acre-year by means o f  a n  automated s p r i n k l i n g  s y s t e m ,  probably of  
t h e  center -p ivot  des ign .  I t  i s  assumed t h a t  t h e  water  would be l i f t e d  
from a network of  s u r f a c e  c a n a l s  t o  an average head o f  50 f e e t ,  
r e q u i r i n g  77 kwh of e l e c t r i c  power per  acre-foot  dispensed.  Miscel-  
l aneous  e l e c t r i c  power requi red  f o r  l i g h t i n g  of  s e r v i c e  road i n t e r -  
s e c t i o n s  and o t h e r  purposes  is es t imated  to  be 5 kWh p e r  acre-year  
f o r  t h e  p l a n t a t i o n  

Farm Chemicals Manufacture 

I t  is es t imated  that 600 pounds n i t rogen  a s  anhydrous ammonia or 
i t s  equiva len t  would be  needed p e r  acre-year  to  o b t a i n  y i e l d s  approaching 
30 tons  per  acre .  This  amount i s  two t o  f i v e  t i m e s  t h a t  used i n  normal 
c r o p  product ion.  I t  i s  assumed t h a t  250 l b s  o f  phosphorus and 100 l b s  
potassium f e r t i l i z e r s  per  a c r e  would be needed. P e s t i c i d e s  would be  
a p p l i e d  a t  recommended r a t e s  a s  needed. I t  is assumed t h a t  s i x  pounds 
of  h e r b i c i d e ,  t h r e e  pounds of i n s e c t i c i d e ,  and two pounds of  fungic ide  
would be s u f f i c i e n t  f o r  each a c r e ,  s i n c e  i n  a l l  l i k e l i h o o d  t h e  p e s t i c i d e  
needs  of a biomass crop would be fewer than those  of a convent ional  
c a s h  c rop .  I n s e c t i c i d e s  and f u n g i c i d e s ,  f o r  example, would be needed 
o n l y  when p e s t  i n f e s t a t i o n s  o r  i n f e c t i o n s  became s e v e r e  enough t o  
r e s t r i c t  biomass product ion  o r  t o  s i g n i f i c a n t l y  reduce t h e  amount o f  
biomass a l ready  p r e s e n t  i n  t h e  f i e l d .  Continuous cropping would a l s o  
reduce t h e  need f o r  h e r b i c i d e s ,  e s p e c i a l l y  i f  h igh  p l a n t  d e n s i t i e s  
were used t o  p r o v i d e  f o r  e a r l y  canopy c l o s u r e ,  r e s u l t i n g  i n  t h e  "shading 
out"  of  weeds. 
shown i n  Table  2 .  

The energy consumed i n  farm chemical manufacture  is 
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Farm Machinery Manufacture 

The energy expended i n  t h e  manufacture of farm machinery f r o m  t h e  
mining of  o r e  t o  t h e  f a b r i c a t i o n  of  t h e  machinery i t s e l f  depends on t h e  
volume and v a r i e t y  o f  implements needed f o r  t h e  p l a n t a t i o n  and t h e i r  
l i f e  expectancy. C a l c u l a t i o n s  of t h e  equipment needed to farm one 
a c r e ,  y i e l d i n g  30 t o n s  per  acre-year ,  were based on a 12-hour workday, 
a seven-day week, and on t h e  time requi red  f o r  each o p e r a t i o n  to be  
performed over  10,000 a c r e s .  C a l c u l a t i o n s  o f  t h e  t i m e  requi red  f o r  
i n d i v i d u a l  o p e r a t i o n s  revea led  t h a t  a t h r e e - t r a c t o r  team could:  

Apply h e r b i c i d e  over  10,000 a c r e s  i n  33 days. 

P l a n t  and f e r t i l i z e  i n  36.3 days.  

- F e r t i l i z e  i n  33 days ,  and h a r v e s t  ( c u t  and chop) 
10,000 a c r e s  i n  26.5 days (with a six-combine team). 

These time requirements  were found t o  be compatible  with a t r i p l e  
cropping schedule  provided t h a t  2 t h r e e - t r a c t o r  teams were used. The 
number of  f r e s h  haul  u n i t s  needed was c a l c u l a t e d  on t h e  b a s i s  of t h e  
need t o  haul  t h e  f r e s h  biomass t o  a d r y i n g  a r e a  wi th in  t h e  same t ime 
per iod  requi red  by a six-combine team t o  h a r v e s t  t h e  biomass. Dry-haul 
requirements  were a l s o  c a l c u l t a e d  on t h i s  b a s i s .  The l i f e  expectancey 
o f  each p i e c e  of  equipment was c a l c u l a t e d  on t h e  b a s i s  of a t r i p l e  
cropping schedule .  I t  was assumed t h a t  each implement was composed 
e n t i r e l y  of steel produced from v i r g i n  o r e .  Use o f  s c r a p  metal as t h e  
raw m a t e r i a l  would reduce  t h e  energy requirement  i n  t h i s  category by 
approximately three- four ths .  S ince  t h e  energy requi red  f o r  product ion of  
forged steel is g r e a t e r  than t h a t  f o r  co ld- ro l led  steel components, 
i t  was assumed t h a t  t h e  machinery composition was 50 percent  forged 
s t e e l  and 50 percent  co ld- ro l led  steel. The weight of equipment i n  
tons  per  year  needed to  farm 10,000 a c r e s  was c a l c u l a t e d  and m u l t i p l i e d  
by t h e  a p p r o p r i a t e  energy f a c t o r s  t o  determine t h e  energy input  for  
10,000 acres .  The average  energy i n p u t  per  acre-year  was then  c a l c u l a t e d ,  
a s  shown i n  Table  3. 

Table 4 shows t h a t  t h e  total energy i n p u t  f o r  a l l  o p e r a t i o n s  and 
f a b r i c a t i o n  i s  es t imated  t o  be  about  22.0 m i l l i o n  Btu per  acre-year .  
I f  t h e  energy o u t p u t  is 450 m i l l i o n  Btu per  acre-year ,  a n e t  energy 
c a p t u r e  of  about  428 m i l l i o n  Btu p e r  acre-year  is  r e a l i z e d .  Thus, 
d i v i d i n g  gross  energy y i e l d  by energy consumed r e s u l t s  i n  an e f f i c i e n c y  
f a c t o r  of 20.5 f o r  energy c a p t u r e  by t h e  p l a n t a t i o n  process .  This  
f a c t o r  would i n c r e a s e  w i t h  i n c r e a s i n g  y i e l d s  over  30 tons  p e r  acre-year  
o r  with t h e  r e a l i z a t i o n  of a d d i t i o n a l  energy economies through t h e  
f u r t h e r  development of  energy conserva t ion  p r a c t i c e s  on t h e  p l a n t a t i o n  
or i n  manufacturing processes .  Conversely,  t h i s  f a c t o r  would be de- 
c reased  by y i e l d s  lower than 30 tons  per  acre-year  o r  by t h e  consumption 
of  energy i n  r e l a t e d  processes  such a s  i n t e r b a s i n  water  t r a n s f e r .  

\ 
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Table 1 

ENERGY CONSUMED I N  BIOMASS PLANTATION OPERATIONS 
-Direct Fuel  and Power Usage- 

* Opera t ions  l o 6  Btu p e r  
Operat ion Rate p e r  Operat ion per Year Acre-Year 

26 

Herbicide Appl ica t ion  
P l a n t  and F e r t i l i z e  
F e r t i l i z e  
Harvest 
Fresh Haul 
Turn and Dry 
Dry Haul 
P e s t i c i d e  Appl ica t ion  
I r r i g a t i o n  
Misc. E l e c t r i c i t y  

0.305 gal d s l / a c r e  
0.757 g a l  d s l / a c r e  
0.305 g a l  d s l / a c r e  
1.627 g a l  d s l / a c r e  
2.540 g a l  d s l / a c r e  
0.028 g a l  d s l / a c r e  
2.178 g a l  d s l / a c r e  
0.017 g a l  a v t ' n  f u e l / a c r e  
77 KWh/acre-foot 
5 KWh/acre-year 

T o t a l  Direct F u e l  and  Power Usage 

3 
3 
3 
3 
3 
3 
3 
2 
4 
1 

0.127 
0.315 
0.127 
0.677 
1.057 
0.012 
0.906 
0.007 
3 :'154 
0.051 

6.433 x l o6  
Btu/Acre-Year 

* 
Source: Doane's A g r i c u l t u r a l  Report. Nebraska T r a c t o r  T e s t s ,  1969-1971. 

Table  2 

ENERGY CONSUMED I N  BIOMASS PLANTATION OPERATIONS 
-Farm Chemicals Manufacture- 

Chemical Rate/Acre-Year Btu / lb  l o 6  Btu/Acre-Year 

* 
Anhydrous Ammonia (NH3) 600 l b s  19,341,, 11.605 
Phosphorus (PpOs) 250 l b s  6,019,, 1.505 
Potassium (K20) 100 l b s  4,158** 0.416 
Herbicide 6 l b s  43,560,, 0.261 
I n s e c t i c i d e  3 l b s  43,560,. 0.131 
Fungicide 2 l b s  43,560 0.087 

Tota l  Farm Chemicals Manufacture 14.005 X lo6 Btu/ 
Acre-Year 

' I  

I 

* 
Source: Hoeft ,  R. G . ,  and J. C. Siemans, 1975. Do f e r t i l i z e r s  waste 

Source: P imente l ,  D . ,  et&., 1973. Food product ion  and t h e  energy 

energy? 

crisis. Sc ience  =:443-449. 

Crops and S o i l s ,  November 1975. ** 
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Table  3 

ENERGY CONSUMED I N  BIOMASS PLANTATION OPERATIONS 
-Farm .Machinery Manufacture (10,000 acres) -  

I 
Machinery 

I 

T r a c t o r s  
P l a n t e r s  
F e r t i l i z e r  Rigs 
Herbicide Rigs 
Harves te rs  
Fresh Haul Trucks 
Dry Haul Trucks 
Turner  
I r r i g a t i o n  Pumps 
Feeder Lines  
S p r i n k l e r  System 

T o t a l  Farm Mac 

* 
Unit L i f e  S t e e l  p e r  

Uni t s  (Years) Acre-Year ( l b s )  Btu/Acre-Year 

6 6 

3 2 
3 5 
6 6 

32 10 
10 10 
1 10 
8 20 

30.6 m i  20 
1 20 

i n e r y  Manufacture 

3 .  2 
0.92 
0.60 
0 .60  
0.12 
1.60 
3.20 
1.20 
0.10 
0.08 
4.04 
0.34 

88,854 
57,948 

11,590 
154,528 
309,056 
115,896 

9,658 
7,726 

390,183 
32,837 

1.236 X l o 6  

57,948 

Btu/Acre-Year 

* 
9.4325 KWh/lb;96,580 Btu / lb .  
Source: Berry, R. S. and Margaret F. F e l s ,  1972. The product ion and 

An energy a n a l y s i s  of  t h e  manu- consumption of automobiles .  
f a c t u r e ,  d i s c a r d  and r e u s e  of t h e  automobile  and i t ' s  com- 
ponent materials. A r e p o r t  t o  t h e  I l l i o n i s  I n s t i t u t e  f o r  
Environmental Qual i ty .  

Table  4 

ENERGY CONSUMED I N  BIOMASS PLANTATION OPERATIONS 
-Summary- 

Consumption Category Btu/Acre-Year % T o t a l  Consumption 

D i r e c t  Fuel  and Power 6.433 X lo6 29.4 
Farm Chemicals Manufacture 14.005 X lo6 64.0 
Farm Machinery Manufacture 1 .236 X l o 6  5 .6  
Seed or Rootstock Product ion  0.217 X l o 6  1.0 

Total  P l a n t a t i o n  Energy Consump-. 21.9 X l o 6  100.0 
t i o n  

Product ion 
T o t a l  P l a n t a t i o n  Energy 

Energy Input/Energy Output 1 :20 .5  

450.0 X l o 6  
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NET ENERGY ANALYSIS OF ETHANOL PRODUCTION 

Wm. A. Scheller and Brian J. Mohr 

Department of Chemical Engineering, University of Nebraska 
Lincoln, Nebraska 68588 

INTRODUCTION 

In 1972 the Nebraska Agricultural Products Industrial Utilization 
Committee began a joint program with the Department of Chemical Engi- 
neering at the University of Nebraska and the Department of Roads to 
investigate the suitability of anhydrous ethanol produced by grain 
fermentation as an automotive fuel additive. Other aspects of this 
program have been reported previously ( 4 , 5 ) .  In the overall evaluation 
of the use of grain alcohol in automotive fuel one should consider the 
net energy production or consumption associated with the grain alcohol 
manufacture. As part of a National Science Foundation grant ( 2 )  the 
authors carried out detailed material and energy balances and prepared 
process designs for a fermentation alcohol plant capable of producing 
20 million gallons per year of anhydrous ethanol from corn. 
tailed set of utility requirements (steam, electricity, cooling water) 
for the plant were obtained as a part of this design. 
coupled with Pimentel's analysis ( 3 )  of the energy requirements for 
corn production has made it possible to carry out a detailed total 
energy analysis for the manufacture of ethanol by the fermentation of 
corn. 

I 

A de- 

This information 

FERMENTATION PLANT 

Figure 1 is a block flow diagram of a typical process for pro- 
ducing anhydrous ethanol from corn. Corn is fed from storage to a 
grinder or hammermill where the particle size is reduced and the in- 
terior portions of the grain kernel are exposed. Water is added to 
the ground corn and the mixture is cooked to solubilize and gelatinize 
the starch present in the grain. After cooking, amylase, an enzyme, 
is added to the cooked grain to convert the starch to sugar. 
amylase is obtained from fungi propagated on a small portion of the 
corn. The cooked mixture is placed in fermentation vessels and yeast 
which has also been propagated within the plant is added. 
is allowed to ferment anaerobically for 40 to 45 hours, producing a 
beer containing 10% alcohol. 

This beer is fed to a distillation column and an alcohol-water 

The 

The mixture 

solution containing 50 to 55% ethanol is produced overhead. The 
alcohol solution is then sent to a distillation section where the 
ethanol is concentrated to a 95% solution and undesired materials 

I (aldehydes, fusel oil) are rejected. The alcohol solution is fed to 
an extractive distillation section where anhydrous ethanol is produced 
with the aid of benzene. In this analysis a simplified distillation 
column arrangement has been used to produce ethanol of a purity 
suitable for use as a fuel additive. A more complex distillation 
arrangement with a higher steam requirement would be used if beverage 
grade grain alcohol were being produced. 

soluble components from the fermentation section. This material, 
Bottoms from the beer still contain the non-volatile and non- 
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known a s  s t i l l a g e ,  i s  c e n t r i f u g e d  and t h e  l i q u i d  p o r t i o n  s e n t  t o  
m u l t i p l e  e f f e c t  e v a p o r a t o r s  where t h e  d i s s o l v e d  solids c o n c e n t r a t i o n  
is inc reased  t o  approximate ly  50%.  The cake  from t h e  c e n t r i f u g e  i s  
combined wi th  t h e  concen t r a t ed  l i q u i d  s o l u t i o n  and d r i e d  i n  a f l u i d -  
i z e d  d r y e r  and conveyer  t o  produce d i s t i l l e r ' s  d r i e d  g r a i n s  p l u s  
s o l u b l e s  which i s  s o l d  a s  c a t t l e  f eed .  It  i s  a h igh  p r o t e i n  m a t e r i a l  
and i s  a p o t e n t i a l  s o u r c e  f o r  recovery  of  a h igh  p u r i t y  p r o t e i n  con- 
c e n t r a t e  s u i t a b l e  f o r  human consumption ( 2 , 5 , 6 ) .  

Table I c o n t a i n s  t h e  u t i l i t y  requi rements  ( 2 )  f o r  a p l a n t  t o  
produce 20 m i l l i o n  g a l l o n s  p e r  y e a r  of anhydrous e t h a n o l  from 7 . 7 1  
m i l l i o n  bushe l s  p e r  yea r  of co rn  (15.5% mois tu re ,  56 l b s / b u ) .  For 
convenience t h e y  have been expres sed  p e r  bushe l  of co rn  and p e r  g a l l o n  
of e thano l .  These u t i l i t y  requi rements  have been reduced t o  a t o t a l  
f u e l  and f r e s h  w a t e r  requi rement  acco rd ing  t o  t h e  arrangement shown i n  
F igu re  2. Thus e lectr ic  power g e n e r a t i o n  r e q u i r e s  f r e s h  water and 
f u e l  whi le  t h e  c o o l i n g  tower r e q u i r e s  f r e s h  wa te r  f o r  make-up and e l e c -  
t r i c i t y .  The steam p l a n t  r e q u i r e s  f u e l ,  make-up w a t e r  and e lectr ic  
power. Using t h e  v a l u e s  i n d i c a t e d  i n  F igu re  2 ,  it is p o s s i b l e  t o  
reduce  t h e  e n t i r e  u t i l i t y  requi rement  t o  a f u e l  and w a t e r  demand. 

Table I1 c o n t a i n s  t h e  e q u i v a l e n t  energy requi rement  f o r  each 
s e c t i o n  of t h e  f e rmen ta t ion  e t h a n o l  p l a n t  as c a l c u l a t e d  from Figure  2. 
Values a r e  p r e s e n t e d  i n  te rms  of bo th  B t u ' s  consumed p e r  g a l l o n  of 
e t h a n o l  produced and B t u ' s  consumed p e r  bushe l  of co rn  f e d  t o  t h e  
p l a n t .  For t h e  a l c o h o l  producing p o r t i o n  of  t h e  p l a n t  t h e  e q u i v a l e n t  
energy requi rement  i s  107,920 B t u ' s  p e r  g a l l o n  of e t h a n o l  produced. 
The p o r t i o n  of  t h e  p l a n t  a s s o c i a t e d  w i t h  t h e  by-product g r a i n  produc- 
t i o n  consumes 63,220 B t u ' s  p e r  g a l l o n  of e t h a n o l  produced. Energy 
c o n t e n t  of p r o d u c t s  produced i n  t h e  p l a n t  i s  a l s o  con ta ined  i n  Table I1 
The v a l u e s  r e p o r t e d  for chemica l  p roduc t s  a r e  lower h e a t i n g  va lues  
s i n c e  it is f e l t  t h a t  t h i s  i s  a more r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  
a c t u a l  energy produced i n  u s i n g  such m a t e r i a l s  as f u e l .  For t h e  
d i s t i l l e r ' s  by-product g r a i n s ,  t h e  d i g e s t i b l e  energy i s  r epor t ed .  It 
is f e l t  t h a t  t h i s  f i g u r e  i s  more c o n s i s t e n t  w i t h  t h e  use  of  t h i s  pro- 
d u c t  as a c a t t l e  f e e d  t h a n  i s  t h e  lower h e a t i n g  v a l u e .  

p roduct ion  (energy  produced minus energy consumed) i n  t h e  p l a n t  is  
nega t ive .  However, t h e  complete e v a l u a t i o n  of t h e  n e t  energy  produc- 
t i o n  a s s o c i a t e d  w i t h  g r a i n  a l c o h o l  product ion  r e q u i r e s  t h a t  w e  a l s o  
c a r r y  o u t  an  a n a l y s i s  of t h e  energy a s s o c i a t e d  wi th  t h e  farming 
o p e r a t i o n  i n  which t h e  corn'  i s  produced. 

A s  dictated by t h e  second law of thermodynamics, t h e  n e t  energy 

FARMING OPERATION 

Pimente l  e t .  a l .  (3 )  have made a c a r e f u l  a n a l y s i s  of t h e  energy 
consumption i n  1 9 7 0  fo r  p l a n t i n g ,  growing, d r y i n g  and t r a n s p o r t i n g  
corn  t o  market. I n  making t h i s  a n a l y s i s  they  have i n  e f f e c t  gone back 
t o  t h e  pe t ro leum p r o d u c t s  and pe t rochemica ls  used i n  farming and t h e  
energy  con ta ined  i n  t h e  seed corn .  W e  have modified t h e i r  va lues  t o  
reflect  t h e  u s e  of lower  h e a t i n g  v a l u e s  i n  o r d e r  t o  be c o n s i s t e n t  w i t h  
t h e  e v a l u a t i o n  of t h e  f e rmen ta t ion  a l c o h o l  p l a n t .  The energy r equ i r ed  
to c o n s t r u c t  and r e p a i r  t r a c t o r s ,  t r u c k s  and o t h e r  farm machinery w a s  
exc luded  s i n c e  comparable f i g u r e s  f o r  t h e  c o n s t r u c t i o n  and r e p a i r  of 
p r o c e s s  equipment i n  t h e  a l c o h o l  p l a n t  w e r e  n o t  i nc luded .  

Table I11 c o n t a i n s  t h e  energy v a l u e s  f o r  t h e  farming o p e r a t i o n  i n  
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' t o  t h e  a l c o h o l  p l a n t .  The t o t a l  farming o p e r a t i o n  consumes 45,986 
\ B t u ' s  p e r  g a l l o n  o f  e t h a n o l  produced. Also inc luded  i n  t h i s  t a b l e  are 

B t u ' s  p e r  g a l l o n  of e t h a n o l  produced and B t u ' s  p e r  b u s h e l  o f  c o r n  f e d  

t h e  energy v a l u e s  f o r  t h e  corn  produced and f o r  t h e  s t a l k s ,  cobs and 
husks.  The d i g e s t i b l e  energy o f  t h e  corn  is  r e p o r t e d  because it i s  
f e l t  t h a t  t h e  a l t e r n a t e  u t i l i z a t i o n  of t h e  corn  would b e  a s  c a t t l e  
f e e d .  The lower h e a t i n g  v a l u e  of  t h e  cobs ,  s t a l k s  and husks ,  has  been 
e s t i m a t e d  from i n f o r m a t i o n  publ i shed  by M i l l e r  (1). 

\ Thus f o r  t h e  farming o p e r a t i o n  it appears  t h a t  t h e  energy  pro- 
. d u c t i o n  is over  s i x  t i m e s  as g r e a t  a s  t h e  energy consumption. Of 
c o u r s e ,  t h i s  i s  n o t  i n  v i o l a t i o n  of  t h e  l a w s  of thermodynamics, s i n c e  
t h e  e x c e s s  energy h a s  come from t h e  sun and been conver ted  t o  p l a n t  
material through photosynthes is .  
been c a l c u l a t e d  from t h e  solar energy f l u x  and t h e  energy f i g u r e s  

The e f f i c i e n c y  o f  p h o t o s y n t h e s i s  has  I 
I r e p o r t e d  h e r e  and found t o  be approximately 0.9%, a r e a s o n a b l e  f i g u r e .  

NET ENERGY ANALYSIS 

Table  I V  c o n t a i n s  t h e  o v e r a l l  energy ba lance  f o r  t h e  farming and 
g r a i n  a l c o h o l  product ion  o p e r a t i o n s .  The t o t a l  energy p r o d u c t i o n  from 

I e t h a n o l ,  a ldehydes,  f u s e l  o i l ,  c o r n  s t a l k s ,  cobs  and husks i s  2 4 2 , 4 9 4  
B t u ' s  p e r  g a l l o n  of  e t h a n o l  produced, whi le  t h e  energy consumption i n  
t h e  farming o p e r a t i o n ,  a l c o h o l  p l a n t ,  and t h e  t r a n s p o r t a t i o n  o f  s t a l k s  
cobs and husks t o  t h e  p l a n t  site is 155,466 B t u ' s  p e r  g a l l o n  o f  e t h a n o l  
produced. The n e t  energy product ion  i s  t h e  d i f f e r e n c e  i n  t h e s e  t w o  
v a l u e s  o r  87,028 B t u ' s  p e r  g a l l o n  of  e t h a n o l  produced. 

The p r o c e s s i n g  a s s o c i a t e d  w i t h  t h e  product ion  of d i s t i l l e r ' s  
d r i e d  g r a i n s  and s o l u b l e s  i s  n o t  inc luded  i n  t h e  above energy a n a l y s i s  
s i n c e  it i s  n o t  d i r e c t l y  r e l a t e d  t o  t h e  product ion  of e t h a n o l ,  b u t  i s  
r a t h e r  a by-product recovery  o p e r a t i o n  c a r r i e d  o u t  f o r  economic 
r e a s o n s .  The n e t  energy l o s s  a s s o c i a t e d  w i t h  t h e  by-product g r a i n  
product ion  i s  18,170 B t u ' s  p e r  g a l l o n  of e t h a n o l  as shown i n  Table  I V .  

Table  I V  i s  f o r  t h e  t o t a l  product ion  of  t h e s e  components. A c t u a l l y ,  
it would be p r a c t i c a l  and d e s i r a b l e  t o  c o l l e c t  about  75% of t h i s  
m a t e r i a l  l e a v i n g  t h e  remainder  i n  t h e  f i e l d  f o r  purposes  of so i l  con- 
d i t i o n i n g .  I f  t h i s  were done and a g a i n  i f  t h e  n e t  energy d e f i c i t  of  
the by-product f e e d  p r o d u c t i o n  i s  n o t  inc luded  i n  t h e  a n a l y s i s  t h e n  
t h e  n e t  energy product ion  i s  45,575 B t u ' s  p e r  g a l l o n  o f  e t h a n o l  
(118,210 B t u ' s  per  b u s h e l  of c o r n ) .  I f  t h e  energy d e f i c i t  f o r  t h e  by- 
product  product ion  i s  i n c l u d e d  i n  t h e  a n a l y s i s  t h e r e  i s  still  a n e t  

, energy product ion  o f  27,405 B t u ' s  p e r  g a l l o n  of e t h a n o l  (71,090 B t u ' s  
p e r  bushe l  of corn)  which i s  approximately 36% o f  t h e  lower h e a t i n g  
v a l u e  of  a g a l l o n  of  anhydrous e t h a n o l .  

The energy v a l u e  o f  t h e  corn  s t a l k s ,  cobs and husks c o n t a i n e d  i n  

CONCLUSIONS 

From an a n a l y s i s  of t h e  energy requi rements  a s s o c i a t e d  w i t h  t h e  
product ion  of corn  i n  an average farming o p e r a t i o n  and t h e  energy 
requi rements  necessary  t o  c o n v e r t  t h i s  c o r n  t o  anhydrous g r a i n  a l c o h o l  
it a p p e a r s  t h a t  i f  75% o f  t h e  s t a l k s ,  cobs and husks are used as an 
enerqy source  t h a t  t h e r e  w i l l  be a n e t  energy  product ion  of a t  least  
27,405 B t u ' s  p e r  g a l l o n  of e t h a n o l  produced. I f  t h e  energy consump- 
t i o n  a s s o c i a t e d  w i t h  t h e  p r e p a r a t i o n  of d i s t i l l e r ' s  by-product g r a i n s  
is n o t  included ( s i n c e  it i s  n o t  a necessary  p a r t  of t h e  g r a i n  a l c o h o l  



produc t ion  ) t h e n  t h e  o v e r a l l  n e t  energy p roduc t ion  i s  a t  l e a s t  45,575 
B t u ' s  p e r  g a l l o n  o f  e t h a n o l  produced. Th i s  a b i l i t y  t o  have a n e t  
energy  product ion  a s s o c i a t e d  w i t h  t h e  t o t a l  p rocess  is  t h e  r e s u l t  of 
ha rness ing  s o l a r  energy  through pho tosyn thes i s .  Thus t h e  p o t e n t i a l  
a c t u a l l y  e x i s t s  t o  ex tend  o u r  au tomot ive  f u e l  energy  supp ly  through 
t h e  a d d i t i o n  of  g r a i n  a l c o h o l  produced by g r a i n  f e rmen ta t ion .  Ethanol  
syn thes i zed  from hydrocarbons v i a  e t h y l e n e ,  however, must be  accom- 
panied  by a n e t  ene rgy  loss (second law of  thermodynamics). 

The amount o f  e t h a n o l  t h a t  w i l l  u l t i m a t e l y  f i n d  use  as an automo- 
t i v e  f u e l  a d d i t i v e  w i l l  depend on o t h e r  f a c t o r s  i n  a d d i t i o n  t o  t h e  n e t  
energy product ion  a s s o c i a t e d  w i t h  i t s  manufacture.  Resu l t s  of o t h e r  
r e s e a r c h  work (4,s) i n d i c a t e  t h a t  such usage may be d e s i r a b l e  and 
economically p r a c t i c a l  i n  t h e  f u t u r e .  
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Table I 
Utility Consumption for 

the Production of Ethanol by 
the Fermentation of Corn 

Alcohol Plant Per Bu. Corn Per Gal.EtOH 

Steam (50 psig),lb. 118.2 
" (15 psig) ,lb. 75.6 

Cooling Water (250F Rise) ,Gal 43.6-1 
Electric Power, Kw-Hr. 5.46~10-~ 
Benzene, lb. 3.11~10 

By-product Cattle Feed 

Steam (50 psig, lb. 85.7 
Cooling Water (25OF Rise), Gal 286.4-1 
Electric Power, Kw-Hr 2.54~10 
Coal (10,000 Btu/lb), lb. 4.86 

45.6 
29.2 
16. 8-1 

2 .10x10-3 
1.20xlO 

33.0 
110. 4-2 

9.80~10 
1.87 

Manpower - 5 shift positions plus 5 unclassified personnel 

, 
Table I1 

Energy Consumption and Production 
In the Manufacture of Ethanol by 

the Fermentation of Corn 

Energy Consumption In a Fermentation Ethanol Plant 

Plant Section Btu/Bu.Corn 

Liquid Concentration 113,120 
By-product Grain Drying 50,860 

Subtotal, By-products 163 , 980 
Grinding, Cooking, Propagation 62,680 
Fermentation 1,460 
Beer Still and Centrifuge 104 , 830 
Distillation 74,100 
Dehydration 36,890 

Subtotal, Ethanol 279,960 

Btu/Gal.EtOH 

43,610 
19,610 
63,220 

24,160 
560 

40,420 
28,560 
14,220 
107,920 

I Energy Content of Products From a Fermentation Ethanol Plant 

Item Btu/Bu.Corn Btu/Gal.EtOH 

Ethanol, 1) 
Aldehydes, Fusel Oil, 1) 
By-product Grains, 2) 

196,108 
2,802 

116,860 
315,770 

75,600 
1,080 
45,050 

121,730 

33 

1) Lower heating value. 2) Digestible energy. 



Table  I11 
Energy Consumption and 

Product ion  i n  Corn Farming 

Energy Consumption i n  Corn Farming 

I tem Btu/Bu. Corn 

Seed Corn 2,915 
F e r t i l i z e r  51,700 
Herbicide & I n s e c t i c i d e  1,077 
Gasol ine  37,231 
E l e c t r i c i t y  15,178 
I r r i g a t i o n  1 ,645  
Labor 240 
Drying 5,876 
T r a n s p o r t a t i o n  of Corn 3,427 

T o t a l  119,289 

Energy Content  of P r o d u c t s  From Corn Farming 

I t e m  Btu/Bu.Corn 

Corn, 1) 341,750 
S t a l k s ,  Cobs, Husks, 2 )  430,127 

T o t a l  771,877 

1) D i g e s t i b l e  energy .  2 )  Lower h e a t i n g  v a l u e .  

Table  I V  
Overall  Energy Balance 

For  Gra in  Alcohol  P r o d u c t i o n  From Corn 

Energy Product ion  Btu/Bu.Corn 

Ethanol  196,109 
Aldehydes, F u s e l  O i l  2,802 
S t a l k s ,  Cobs, Husks 430,127 

T o t a l  629,038 

Energy Consumption 

Farming Operat ion 119,289 
T r a n s p o r t a t i o n  of s t a l k s ,  etc. 4 , 047 
Alcohol P l a n t  279,960 

T o t a l  403,296 

225,742 - N e t  Energy Product ion  

N e t  Energy Loss 

By-product Gra in  P r o d u c t i o n  47,120 - 

Btu/Gal.EtOH 

1,124 
19,930 

415 
14 ,353  

5 ,851  
634 

93 
2,265 
1 , 3 2 1  

45,986 

Btu/Gal. E t O H  

121,740 
165,814 
297,554 

Btu/Gal.EtOH 

75,600 
1,080 

165,814 
242,494 

45,986 
1,560 

107,920 
155,466 

87,028 - 
18,170 

J 

I 
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EFFl C l  ENCl ES OF METHANOL PRODIJCTIONLRQM 
GAS. COAL. WASTE OR WOOD. 

Thomas R. Reed 

Massachuse t t s  l n s t  i t u t e  of Techno logy ,  L i n c o l n  L a b o r a t o r y ,  
Lex ing ton ,  Ma. 02173 

ABSTRACT 

II'I t h e  p r a c t i c a l  o p e r a t i o n  o f  methano l  p l a n t s  u s i n g  
n a t u r a l  gas, an e f f i c i e n c y  o f  5 0 - 5 5 2  i s  ach ieved,  depend ing  
on t h e  degree o f  waste  h e a t  r e c o v e r y .  The p r o d u c t i o n  o f  
methano l  o n l y  f r o m  c o a l  has an e s t i m a t e d  e f f i c i e n c y  o f  
4 1 - 5 5 2 ;  b u t  i f  methane and c o a l  l i q u i d s  a r e  p roduced  
s i m u l t a n e o u s l y ,  t h e  o v e r a l  1 p r o c e s s  e f f i c i e n c y  can c l  imb t o  
75%. Waste and wood can a l s o  be used as e n e r g y  sou rces .  
Convers ion  f r o m  these  sou rces  t o  methano l  i s  l i k e l y  t o  be 
somewhat l e s s  e f f i c i e n t  because t h e  p l a n t s  w i l l  be s m a l l e r .  
However, s e v e r a l  new p rocesses  f o r  E a s i f i c a t i o n  and 
s y n t h e s i s  a r e  b e i n g  deve loped  w h i c h  may s i g n i f i c a n t l y  
i n c r e a s e  these  e f f i c i e n c i e s .  

The above v a l u e s  a r e  f i r s t - l a w  e f f i c i e n c i e s  m e a s u r i n g  
t h e  r a t i o  o f  t h e  combus t ion  energy  o f  t h e  p r o d u c t  r e l a t i v e  
t o  t h e  i n p u t  energy .  The second- law e f f i c i e n c y ,  based on 
f r e e - e n e r g y  c o n v e r s i o n  e f f i c i e n c y ,  i s  a more fundamenta l  
measure o f  t h e  degree  o f  e f f e c t i v e n e s s  o f  any  p rocess ;  and 
i t  i s  a p p l i e d  h e r e  t o  s e v e r a l  o f  t h e  s t e p s  i n  methano l  
manu fac tu re .  Data  a r e  p r e s e n t e d  on t h e  f r e e  energy  o f  
f o rma t ion ,  combust ion ,  g a s i f i c a t i o n  and r e a c t i o n  f o r  
chemlca l  s t e p s  o f  i n t e r e s t  i n  me thano l  manu fac tu re .  The 
second- law e f f i c i e n c y  o f  me thano l  m a n u f a c t u r e  i s  s e v e r a l  
p e r c e n t  h i g h e r  t h a n  t h e  f i r s t  l a w  e f f i c i e n c y .  

'\ 

T h i s  work was sponsored b y  t h e  Plethanol  D i v i s i o n  o f  t h e  M I T  
Energy L a b o r a t o r y .  
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I n t r o d u c t i o n  

b le thano l  has become a p r i m e  c a n d i d a t e  f o r  a c l e a n  
s y n t h e t i c  1 i q u i d  f u e l  t o  r e p l a c e  o u r  d w i n d l i n g  o i l  and gas 
s u p p l i e s ( 1 - 3 ) .  I t  i s  p r e s e n t l y  made i n  t h e  U .  S.  f ron i  
n a t u r a l  gas; b u t  i t  can  a l s o  be made f rom c o a l ,  was te  o r  
wood, and t h e  y i e l d  can be  g r e a t l y  i n c r e a s e d  by u s i n g  waste 
h e a t  f rom a n u c l e a r  p l a n t .  We d i s c u s s  i n  t h i s  paper  t h e  
r e p o r t e d  o v e r a l l  e n e r g y  e f f i c i e n c y  ~f n ian r i f ac tu r r  f-ani t hese  
v a r i o u s  s o u r c e s  and  a n a l y s e  t h e  energy  consumpt ion  o f  t h e  
v a r i o u s  s t e p s .  IJe w i l l  a l s o  d i s c u s s  new methods o f  
e s t i m a t i n g  e f f i c i e n c y  and p o t e n t i a l  improvements i n  the  
v a r i o u s  s t e p s .  

I n  p r a c t i c e ,  me thano l  p l a n t s  a r e  b u i l t  t o  max im ize  
p r o f i t s  r a t h e r  t h a n  t o  m i n i m i z e  e n e r g y  consumpt ion .  T h i s  may 
seem t o  make an a n a l y s i s  o f  e n e r g y  consumpt ion  academic.  Yet 
t h e  e f f i c i e n c y  o f  each s t e p  a n d  t h e  n e t  e f f i c i e n c y  must be 
u n d e r s t o o d  b e f o r e  subsequent  t e c h n i c a l  and economic c h o i c e s  
can be  made i n  p l a n n i n g .  Now t h a t  energ.y i s  becoming l e s s  
p l e n t i f u l ,  i t  i s  v e r y  i m p o r t a n t  t h a t  we keep good books on 
energy  consumpt ion .  

CHEI- I ICAL SYNTt1ESIS O F  I~lETHANOL 

Methano l  i s  g e n e r a l  1 y p roduced  f r o m  s y n t h e s i s  gas 
(syn-gas) ,  a m i x t u r e  o f  h y d r o g e n  and ca rbon  monoxide, made 
by p a r t i a l  c o m b u s t i o n  o f  o r g a n i c  f u e l s  such as gas, c o a l  o r  
wood. T a b l e  I l i s t s  t h e  s t a n d a r d  f r e e  e n e r g i e s  o f  f o r m a t i o n  
o f  s p e c i e s  i m p o r t a n t  i n  t h e  manu fac t r i re  o f  syn-gas and 
methano l .  The a v a i l a h l e  d a t a  ( 4 - 6 )  have been f i t t e d  t o  the  
l i n e a r  e q u a t i o n  AG = A H  - T AS where t h e  c o n s t a n t s  A l l  and 
Asg ive  the  b e s t  f i t  t o  t h e  a v a i l a b l e  da ta .  T h i s  g r e a t l y  
simp1 i f i e s  c a l c u l a t i o n s  o f  f r e e  energy,  e q u i l i b r i u m  
c o n s t a n t s  o r  e f f i c i e n c i e s  w i t h  v e r y  l i t t l e  l o s s  o f  accu racy  
( 6 ) .  Data  on t h e  f r e e  e n e r g y  o f  combus t ion  a r e  a l s o  
P resen ted  i n  T a b l e  I .  The v a l u e s  f o r  A l i c  and  AG; can be used 
i n  c a l c u l a t i n g  f i r s t  and  second law e f f i c i e n c i e s .  

Four  r o u t e s  f o r  me thano l  s y n t h e s i s  have been c o n s i d e r e d  
i n  t h e  l i t e r a t u r e ,  and  these  a r e  shown i n  T a b l e  I I  alon:: 
w i t h  t h e  s t a n d a r d  f r e e  e n e r g i e s  o f  t h e  r e a c t i o n s ,  where 
these  a r e  a v a i l a b l e .  I n  p r a c t i c e  o n l y  t h e  f i r s t  two rou tes ,  
c a t a l y t i c  r e d u c t i o n  o f  c a r b o n  o x i d e s  by hydrogen,  a r e  used . 
c o m m e r c i a l l y  ( 7 , s ) .  The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  
methano l ,  xth, f o rmed  i n  r e a c t i o n  (11-1)  i s  shown i n  F ip; .  1 
f o r  v a r i o u s  p r e s s u r e s  and t e m p e r a t u r e s .  The r e a c t  i o n  t a k e s  
p l a c e  o v e r  a c h r o m e - z i n c  o x i d e  c a t a l y s t  a t  3 0 3  atni between 
300 and  4000C ( V u l c a n  C i n c i n a t t i  and  L u r g i  P rocess )  o r  o v e r  
a copper  o x i d e  c a t a l y s t  a t  50-1170 a tmospheres  between 2 5 0  
and 35 f l oC( IC I  P r o c e s s ) .  Because the  r e a c t i o n  i s  h i n h l y  
exo the rm ic ,  g r e a t  c a r e  i s  t a k e n  t o  p r e v e n t  o v e r h e a t i n n  o f  
t h e  c a t a l y s t  bed. The excess  h e a t  o f  r e a c t i o n  i s  u s u a l l y  
recove red  t o  make s team t o  d r i v e  t h e  t u r b i n e  compressors,  
and indeed  some methano l  p l a n t s  g e n e r a t e  excess  e l e c t r i c  
power ( 9 ) .  

, 
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Dependinl: on  t h e  c a t a l y s t s  used, o t h e r  a l c o h o l s  w i 1  1 be 
p roduced  in,  a m i x t u r e  ca1 l e d  " m e t h l y - f u e I " ( l n ) .  These 
improve the  f u e l  v a l u e  o f  t h e  methano l ,  b u t  i t  i s  no t  c l e a r  
whe the r  t h e  excess  hyd rogen  r e q u i r e d  can be j i l s t  i f i e d  on an 
e n e r g y  e f f i c i e n c y  b a s i s .  The use  o f  i r o n  c a t a l y s t s  and l o w e r  
p r e s s u r e s  can a l s o  p roduce  hyd roca rbons  as we1 1 
( F i s c h e r - T r o p s c h  Process ) ,  b u t  t h i s  p rocess  has a l ow  enerEy 
e f f i c i e n c y  b e c a ~ i s e  t h e  oxygen i n  t h e  s y n t h e s i s - g a s  i s  
reduced t o  w a t e r  by some o f  t h e  hyd roZen(7 ) .  

Excess hyd roeen  i s  o f t e n  used t o  remove h e a t  from the  
c a t a l y s t  bed. A new th ree -phase  me thano l  r e a c t o r  i s  be ing  
deve loped  b y  Chem Systems (11,121 i n  w h i c h  t h e  gases a r e  
d i s o l v e d  in  an o i l  t h a t  f l u i d i z e s  t h e  c a t a l y s t  and removes 
hea t .  I t  i s  r e p o r t e d  t h a t  1 2 %  o f  a L u r e i  syn-gas o r  217% o f  
a Koppers -To tzek  (KT)  gas were c o n v e r t e d  t o  methano l  i n  a 
s i n e l e  pass a t  60 a t m  and 235oC compared t o  c o n v e r s i o n s  o f  
4 - 5 %  p e r  pass i n  p r e s e n t  r e a c t o r s .  

G a s i f i c a t i o n  and G a s i f i e r s  

Tab le  I l l  l i s t s  t h e  p r i n c i p a l  r o u t e s  f o r  t h e  
m a n u f a c t u r e  o f  syn-gas .  A t  p r e s e n t  syn-gas  i s  made i n  t h e  
ti. S. p r i r i l a r i l y  by  t h e  s team r e f o r m i n g  o f  n a t u r a l  cas  
a c c o r d i n g  t o  Eqn. ( 1 1 1 - 3 )  a t  1 5 - 2 0  atm and 8500C.This 
r e a c t i o n  i s  h i g h l y  e n d o t h e r m i c  and r e q u i r e s  a l a r g e  c a p i t a l  
i nves tmen t  i n  h e a t  cxchanp;ers t h a t  o p e r a t e  a t  h i g h  p r e s s u r e  
and e l e v a t e d  t e m p e r a t u r e s .  The c o s t  o f  t h e  steam r e f o r m e r  
i s  t y p i c a l l y  4 1 2  o f  t h e  t o t a l  p l a n t  c o s t ( 1 3 ) .  I t  can be 
seen f rom Eq. ( I  I I - 3 ) t h a t  a n  excess  o f  hydrogen i s  p roduced 
and t h i s  excess  can  b e  used  t o  make ammonia o r  
a l t e r n a t i v e l y ,  C02 can be added t o  t h e  syn-gas t o  make more 
methano l  as  shown i n  Eq. ( 1 1 - 7 ) .  Methano l  i s  p r e s e n t l y  made 
i n  some c o u n t r i e s  b y  t h e  E a s i f i c a t i o n  o f  naphtha ,  o r  heavy 
h y d r o c a r b o n  res idues ,  a c c o r d i n g  t o  E q .  ( 1 1 1 - 5 )  

methano l  m a n u f a c t u r e  as ou r  o i l  and  gas s u p p l i e s  a r e  
d e p l e t e d .  F o r t u n a t e l y  a w ide  v a r i e t y  o f  o t h e r  feed s t o c k s  
can be c o n v e r t e d  to  syn-eas  and thence  t o  methano l ,  animonia, 
o r  s y n t h e t i c  g a s o l  i n e .  For  example, t h e  vmter -Eas  r e a c t i o n  
can be used  t o  c o n v e r t  c h a r c o a l  o r  coke t o  the  e q u i m o l a r  
syn-gas m i x t u r e  commonlv c a l  l e d  water -Eas .  U n f o r t u n a t e l y  

O the r  p r i m a r y  ene rgy  sou rces  w i l l  have t o  be f,ound for  

t h i s -  r e a c t  i o n  i s  h i z h l y -  endo the rm i  c, l i k e  steam r e f o r m  
and r e q u i r e s  h i g h - t e m p e r a t u r e  h e a t  exchanzers  o r  a r e v  
o f  e a r l y  water -Eas  r e a c t o r s ( 7 ) .  Carbon can a l s o  be z a s  
w i t h  oxyp,en a c c o r d i n g  t o  E q .  ( I l l - ? ) ,  r e s u l t i n p ,  i n  t h e  
p r o d u c t i o n  o f  CO and a g r e a t  dea l  o f  hea t .  These two 
r e a c t i o n s  can be combined by g a s i f i c a t i o n  w i t h  a m i x t u  
oxyzen and  steam i n  t h e  r a t i o  0 . G l  t o  g i v e  an a u t o t h e  
r e a c t i o n .  

nc, 
va 1 
f i e d  

e o f  
m i  c 

Carbon i s  n o t  a p r a c t i c a l  sou rce  o f  ene rey  f o r  syn-gas  
g r o d u c t i o n .  IHowcvcr c o a l  and biomass a r e  b o t h  v e r y  
a t t r a c t i v e ,  and b o t h  o f  t hese  fue ls  f o r t u n a t e l y  c o n t a i n  some 
o f  t h e  needed hyd rogen  a s  shown i n  E m s .  ( I  I l - F , 7 ) .  

G a s i f i r r s  d i f f e r  i n  t h e  t y p e  o f  f t i r l  cised ( c o a l ,  
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Table I - Standard Free Energy of Formation and Combustion of Species Important in 
\ Methanol Manufacture 
\ 

A G; (T) (a) 
Substance kca l/mole 

A GZ (T) @) 
k C 3  I/molo 

3 

CH30H (29 -51,500 +35.5T -159,700 - 10.7T 

CH30H (1) -59,900 +GO.  3T -151,300 - 35.5T 

IiZO @) -58,400 + 12.4T 0 

HZ 0 

c02 -94,400 + O.OT 

-58.400 + 12.4T 

0 

co -26,400 - 21.3T -68,000 +21.3T 

C 0 -94,400 + 0. OT 

-19, GOO + 22. IT 

-3,200 + 22.2T "CH2" 

-7,400 "Coal" 

"Wood"(e) - 11,400 

CH4 (c) 

( 4  

-191,600 + 2.7T 

-149, GOO - 9.8T 

-58.900 

-32,200 

The standard free energy of formation from the elements. Data from refs. (4-6) were 
fitted to a linear equation of the form A G  =AH - TA S over the ran* 300 - 1200 K, so 
that the two constants in each equation are the effective values of AH: and -AS; over 
this range. Estimated accuracy ? 0.5 kcal. The f ree  energies of combustion and other 
reactions can be calculated from these values. 

The free energy for  the conlbustion to  C02 and H20 (s). This is the low free energy of 
combustion (analogous to the low heating value for the fuel, LHV). The high f ree  energy 
of combustion is calculated by adding -9,700 + 26. OT to  the equation given above for  
each mole of water in the combustion products. 

The limiting value for parafinic hydrocarbons, C H 

The natural substances coal and wood have varying properties; the value of AHf and 
AH: given here is for the Clifty Creek No. G high-volatile bituminous coal of Ref. 23 
used for column 3 of Table 4 in this report. The molecular formula calculated from the 
ultimate analysis is C 

at high n. n 211+2' 
0 

0. 54H0.45S0. OINO. 01' 
For  a wood of formula Co. 32H0. 4GOo. 22, A s  = 4.242 c a y g  hi "International Critical 
Tables", Vol. II, p. 131. 



Standard Free Energies for Methanol Synthesis Reactions 

Reaction AG: (T) kcal/mole 

1. 2 H2 +CO+ CH301-I (g) 
2.  3 H2 + CO2 + CH3OI-I (s) + H20 (g) 
3. CH4 +SO3 + CH30H +SO2 
4. CH4+ 1/2 02 * CH30H (s) 
5. CO + CH3OI-I + 
6. "CH2" +H20+ CH301H (s) 

+ H2 + 2 CH3OH 

Table III - Gasification Reactions 

Reaction 

-25,100 +56.8T 
-15,500 +47.9T 
-9,300 - 29.2T 

-31,900 + 13.4T 

-10,100+0.9T 

AG; (T) kcal/mole 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

C t H20 (s) + CO +H2 

CH4 + H20 (s) + CO + 3 1-12 
CH4 + l /2  0 2  + CO t 2H2 

c t 1/202  3 co 

"CH2" + H 2 0  -+ CO + 2H2 
Coal +02, H 2 0 +  CO, H2 
Wood + 02 ,  H20 + CO, H2 
CQ + ~~0 C 0 2  +Ha 

32,000 - 33.7T 
.26, 400 - 21.3T 
51, GOO - 55.8T 
-6,800 - 43.4T 
35,200 = 55.9T 

-9,600 + 8.9T 

Table IV - Material and Energy Balance for 5000 ton/day 

Methanol Production from Coal 

Gasifier Koppe rs- Tot ze k Winkler LUrgi 

Coal 

Heat Content BTU/h 
Consumption - ton/day 
Fuel Energy - 109BTU/day 
Aux. Energy 
Aux. Coal ton/day 
oxygen ton/day 

Tars ,  oils, plicnols t/day 
Energy in products 109BTU/d 

Methane lOGSCF/&y 

Process Efficiency 70 

Eastern High Western Sub- Western Sub- 
Volatile Bit  A bituminous bituminous 

10,690 
8260 

177 
35 

1650 
6700 

0 
0 

98 
46 

8640 
11690 

202 
35 

2040 
5000 

0 
0 

98 
41 

8870 
20670 

367 
94 

5280 
5500 

185 
1860 
344 
75 

I 



l i ~ n i t e ,  was te  o r  wood), i n  t h e  s i z e s  and amount o f  f u e l  
t h e y  can K a s i f y  ( 0 . 1 - 5 0 0  t o n s l d a y ) ,  i n  t h e  p r e s s u r e  o f  
o p e r a t i o n  ( 1 - 2 0  a tm p r e s s u r e )  and  i n  t h e  method o f  f u e l  
suspens ion  ( f i x e d  bed, suspended p a r t i c l e s  o r  f l u i d i z e d  
bed).  E lanufac tured  gas was i n  w idesp read  u s e  u n t i l  
p i p e l i n e s  b r o u g h t  n a t u r a l  gas f rom Texas. Germany and 
e s p e c i a l l y  Sweden have made s y n t h e t i c  Eas and f u e l s  f rom 
c o a l  and wood d u r i n g  Wor ld  \Jar I I, s o  t h a t  most o f  the  above 
comb ina t ions  of  c o n d i t i o n s  e x i s t  o r  have e x i s t e d  i n  
commercial  g a s i f i e r s ( 7 , 1 4 , 1 5 ) .  Oxygen g a s i f i e r s  t y p i c a l l y  
o p e r a t e  w i t h  an e f f i c i e n c y  o f  6 5 - 9 0 2  ( 7 1 ,  w h i l e  a i r  
g a s i f i e r s  can be LIP t o  9 5 %  e f f i c i e n t .  

L 

1 

4 3  

I n  a d d i t i o n  t o  many e x p e r i m e n t a l  g a s i f i e r s  under  
i n v e s t i c a t i o n  i n  t h i s  c o u n t r y  t h e r e  a r e  t h r e e  c o m m e r c i a l l y  
a v a i l a b l e  mode ls  t h a t  have been i n  use s i n c e  Wor ld  War I I :  
t h e  Lu rg i ,  t h e  k l i n k l e r ,  and t h e  Koppers-Totzek  (KT) .  I n  
methano l  p r o d u c t i o n  t h e  g a s i f i e r  i s  o p e r a t e d  a s  p a r t  o f  a 
l a r g e r  p rocess ,  and t h e  e f f i c i e n c y  i s  n o t  measured 
i ndependen t 1 y . 

R e c e n t l y  t h e  U n i o n  Carb ide  C o r p o r a t i o n  has  deve loped  an  
oxygen g a s i f i e r  f o r  m u n i c i p a l  was te  under  t h e  narie Purox.  
I n  t h i s  system, one t o n  o f  was te  i s  g a s i f i e d  w i t h  n . 2  t o n s  
o f  oxygen, y i e l d i n n  0 . 2 2  t o n s  o f  c lean ,   ranular r e s i d u e ,  
f l . 7  t o n s  o f  gas, and 0 . 9 8  t ons  of wate r .  The r e s u l t i n g  gas 
i s  2 6 %  H,, 4 0 2  CO, '23% C O ,  and 5 %  CH,, and c o n t a i n s  3 7 0  
RTI I /SCF.  O f  t h e  9 .5  F.!b:RTI! c o n t a i n e d  i n  a t o n  o f  r:aste, 7 . 5  
blC1RTlJ a r e  c o n t a i n e d  i n  t h i s  gas .  One m i l l i o n  PT l l  o f  t h e r m a l  
ene rgy  a r e  r e q u i r e d  t o  make t h e  oxygen, s o  t h a t  t h e  n e t  
energy  e f f i c i e n c y  o f  gas p r o d u c t i o n  i s  684(lG). 

Carborunduni C o r p o r a t i o n  has a1 s o  deve loped  a g a s i f i e r  
f o r  m u n i c i p a l  was te  t h a t  u s e s  p r e h e a t e d  a i r ,  t he  Torax  
e a s i f i e r .  R a t t e l l e  has deve loped  an a i r  C a s i f i e r  f o r  
c e l l u l o s i c  wastes  t h a t  t h e y  e s t i m a t e  t o  be 8 5 2  e f f i c i e n t  
( 1 7 ) .  A number o f  b iomass g a s i f i e r s  a r e  i n  t h e  developnient 
s t a g e  ( 1 8 ) .  

The Thaeard  O i l  Co. has r e c e n t l y  announced a r e a c t o r  
capab le  o f  o p e r a t i o n  t o  6000OF. I t  i s  c l a i m e d  t h a t  
c a r b o n - c o n t a i n i n c  f e e d s t o c k s  can he g a s i f i e d  f o r  a f r a c t i o n  
of  t h e  c o s t  o f  c o n v e n t i o n a l  g a s i f i e r  o p e r a t i o n ( l 9 , 2 0 ) .  

A f t e r  t h e  raw syn-gas  i s  produced, i t  must be c l e a n e d  
o f  a l l  t r a c e s  o f  s u l f u r ,  s i n c e  me thano l  c a t a l y s t s  a r e  
s e n s i t i v e  t o  s u l f u r .  Then t h e  r e q u i r e d  
hydroeen/carhon-monoxide r a t i o  i s  c s t a b l  i shed a c c o r d i n E  t o  
t h e  water -gas  s h i f t  r e a c t i o n ,  Eq. ( I 1  I - R ) .  

E f f  i c  i encv  o f  t i e thano l  I.,!anufacttrre 

I t  i s  c i i s ton ia ry  t o  d e f i n e  t h e  n e t  enerp,y e f f i c i e n c y  o f  
p r e s e n t  and p r o j e c t e d  methano l  p l a n t s  a s  the  r a t i o  ~f t h e  
energy  i n  t h e  p r o d u c t s ,  E , t o  t h r  ene rcy  i n  the  f u e l  and  
t h a t  r e q u i r e d  t o  g e n e r a t e P a u x i l  i a r y  i n p t l t s  ( s u c h  a s  
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e l e c t r i c i t y  and oxygen) ,  E f  and  E,, 

4 = A H " / (  AIif + A l l " )  ( 2 )  
The p r o d u c t  and f u e l  e n e r $ i e s  a r e  u s u a f l y  R i v e n  a s  the  lor! 
heat o f  combus t ion  o f  t hese  f u e l s .  These a r e  t h e  AH: v a l u e s  
found  i n  Tab le  I .  The a u x i l l i a r y  i n p u t s  a r e  g i v e n  as the  
thermal  e q u i v a l e n t  o f  e l e c t r i c  power used. S i n c e  l a r g e  
p l a n t s  p roduce  t h e i r  own e l e c t r i c i t y  and oxygen, g e n e r a l l y  
f rom t h e  same f u e l  (gas, c o a l ,  e t c . )  used t o  make the  
methano l ,  t h i s  e s t i m a t e  i s  b o t h  s i m p l e  t o  make and r e l i a b l e .  
Ne l i s t  here  t h e  e f f i c i e n c y  o f  methano l  m a n u f a c t u r e  a s  
r e p o r t e d  b y  v a r i o u s  sou rces .  

f l a t u r a l  Gas: R .  McGhee ( T r a n s c o )  ( 1 3 )  r e p o r t s  t h a t  gas 
p l a n t s  have improved  t h e i r  e f f i c i e n c i e s  f rom abou t  2 5 %  i n  
t h e  1 9 3 0 ~  t o  5 0 - 6 0 2  f o r  modern, l a r g e - s c a l e  p l a n t s .  Fhch o f  
t h i s  e f f i c i e n c y  i n c r e a s e  i n  p l a n t s  makinp: more t h a n  2 0 0  
t ons /day  o f  me thano l  i s  due t o  t h e  o p e r a t i o n  o f  c e n t r i f u g a l  
compressors w i t h  s team g e n e r a t e d  f r o m  the  e x o t h e r m i c  h e a t  o f  
r e a c t i o n  ( I  1-11. 0. b len twor th  o f  V u l c a n - C i n c i n a t t i  has 
r e p o r t e d  t h a t  t h e  h i g h  p r e s s u r e  process ,  l e a d i n g  t o  methano l  
c o n t a i n  i n 8  h i x h e r  a l c o h o l s  ( K e t h y l  -Fue l ) ,  i s  6 3 - 6 0 2  
e f f i c i e n t ( 2 1 ) .  Aea in  i t  s h o u l d  be s t r e s s e d  t h a t  t hese  a r e  
n o t  n e c e s s a r i l y  t h e  maximum a t t a i n a b l e  e f f i c i e n c i e s ,  b u t  
r e p r e s e n t  an economic compromise i n  p l a n t  c o n s t r u c t i o n .  

The l a r x e s t  p l a n t s  p r e s e n t l y  o p e r a t i n e  today  make 2 0 0 0  
t o n s / d a y  of  me thano l ,  b u t  t h e  l a r g e s t  s i n e l e - t r a i n  p l a n t  
p o s s i b l e  t o  c o n s t r u c t  w i t h  a v a i l a b l e  equipment w i l l  make 
5 0 0 0  t o n s / d a y  o f  m e t h a n o l .  P l a n t s  have been proposed w i t h  
f i v e  t r a i n s  mak ing  25,000 tons /day  o f  methano l  f r o m  e i t h e r  
n a t u r a l  gas o r  c o a l .  A l l  t h e  me thano l  p l a n t s  i n  the  U. S. 
t oday  p roduce  t o g e t h e r  a b o u t  1n,oon t o n s / d a y  or a b i  1 l i o n  
g a l  1 ons/  year.  

Coal: R. Harney  r e p o r t s  a coa l -me thano l  p l a n t  o p e r a t e d  
i n  Texas i n  1'155 m a k i n g  3 0 0  t o n s / d a y  o f  methano l  ( 2 2 ) ;  b u t  
t h i s  p l a n t  was c o n v e r t e d  t o  n a t u r a l  gas i n  1 9 5 6 ,  and a l l  
p l a n t s  i n  t h e  U. S. have s i n c e  r u n  on n a t u r a l  gas because o f  
i t s  low c o s t .  R e c e n t l y  a number o f  e s t i m a t e s  o f  c o s t s  f o r  
l a r g e  coa l -me thano l  p l a n t s  have been made. T h e  e f f i c i e n c y  
o f  o p e r a t i o n  must be  e s t i m a t e d  i n  o r d e r  t o  make these 
c a l c u l a t i o n s ,  and a number o f  these have appeared i n  p r i n t .  

D u r i n s  P r o j e c t  Independence, a l a r g e  s r o u p  f r o m  the  A E C  
i n t e r v i e w e d  many i n d u s t r i a l  companies t o  e s t i m a t e  t h e  c o s t  
of  makinE methano l  f rom c o a l  i n  l a r g e  p l a n t s ( 2 3 ) .  The 
e s t i m a t e d  p l a n t  e f f i c i e n c i e s  f o r  v a r i o u s  methods o f  
! a s i f i c a t i o n  of  s e v e r a l  c o a l s  a r e  shown i n  Tab le  I V ,  where 
i t  can be seen t h a t  t h e  e f f i c i e n c y  v a r i e s  between 4 1  and 75; 
depend ing  on t h e  p r o d u c t i o n  c o n d i t i o n s  and whether  methano l  
1s produced a l o n e  o r  i n  c o m b i n a t i o n  w i t h  methane and c o a l  
1 i c l u ids  ( c o - p r o d u c t s ) .  

D u r i n g  t h e  g a s i f i c a t i o n  o f  c o a l ,  so11:e g a s i f i e r s  ( such  
as KT and H i n k l e r )  p roduce  o n l y  C O  and H 2 .  O the rs ,  such as 
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Table V - Efficiency of Manufacture of Synthetic Fucls 

Fuel(a) From Shale Coal Liquefaction Lurgi 

Gasoline 55% 65% 
Gasoline plus distillate 65 70 
Methanol 

(a) Does not include. energy consumed in producing primary fuel, estimated to be 80-9@& 
efficient for  strip mining and 60% efficient for room and pillar shale mining. 

(b) Assumes tars,  oils from Lurgi gassificatioii used for process heat, othenvisc 55% 
efficicnt. 

- 65% 
1 

Table VI - Efficiency and Cost of SASOL type Synthetic 

Fuel Production from Coal(a) 

( 4  
Product (b) - Fuel Primary Total - costs 

Eff. % Eff. % Plant - $MM Product $/IMMBTU tons/day 

Methanol 39 56 472 1. so 6 9  
Gasoline 21 4 1  505 3.05 50 
SNG 53 68 365 1.13 78 
Low BTU gas 63 71 218 0. 86 83 

(a) From study Ref. 27. 

1 

(b) In 1975 dollars using modified Panhandle Easter accounting, plants b u n k g  20-30,000 
tons/day coal 

(c) Based on published SASOL technology using Lurgi gasifier 

Table W- Second Law Efficiency of Methanol Production from Methane or Petroleum Feed- 
stocks (Assumed Firs t  Law Efficiency 0.60) 

Heat of Free  Energy First  Law Second LElw 
Combustion of Condmstion Efficiency Efficiency 

AH: bGZ 71 E 

CH30H -151.3 -161.9 

-191.6 -190.8 0. GO 0. 64 
2 CH4 
I “CH2’’ - 149.6 -152.5 0. GO 0.63 

, 

I 



46 

t h e  L u r c i  e a s i  f i e r ,  p roduce  s i z a b l e  q u a n t i  t i e s  o f  methane 
ant1 c o a l  c h e m i c a l s  a s  w e l l .  I n  Tah le  I V  i t  i s  seen t h a t  i f  
t h e s e  p r o d u c t s  can be  used, t h e  t o t a l  c o n v e r s i o n  e f f i c i e n c y  
i s  as h iRh as 75%,  w h i l e  much lower  e f f i c i e n c i e s  r e s u l t  f o r  
s i n g l e - p r o d u c t  p rocesses .  

From d a t a  o b t a i n e d  on a L u r g i  t y p e  g a s i f i e r ,  R. McGhee 
o f  Transco p r o j e c t s  a c o n v e r s i o n  e f f i c i e n c y  o f  5 4 4  f o r  t h e  
p r o d u c t i o n  o f  methane a l o n e  . I f  t h e  methane p roduced  
n a t u r a l l y  i n  g a s i f i c a t i o n  i s  used as i s  and i f  t h e  b a l a n c c  
o f  t h e  coa l  i s  c o n v e r t e d  t o  methano l ,  t h e  o v e r a l l  e f f i c i e n c y  
i s  p r o j e c t e d  t o  be 52%.  I f  t h e  c o a l - t a r  l i q u i d s  can be used 
as w e l l ,  t h e  e f f i c i e n c y  i n c r e a s e s  t o  6 1 f ( 2 4 ) .  

In  a r e c e n t  s t u d y  f o r  t h e  EPA, t h e  E X X O N  s t a f f  
e s t i m a t e d  t h e  e f f i c i e n c y  o f  p r o d u c t i o n  o f  s y n t h e t i c  
g a s o l i n e ,  d i s t i l l a t e ,  and  methano l  f r o m  s h a l e  and c o a l .  
T h e i r  r e s u l t s  a r e  shown i n  Tab le  V .  The e f f i c i e n c i e s  f o r  
methano l  p r o d u c t i o n  a r e  based on e s t a b l  i s h e d  techno logy ,  
w h i l e  p r o d u c t i o n  f r o m  s h a l e  and c o a l  l i q u i f a c t i o n  a r e  i n  the  
development s t a e e .  Tl ie e f f i c i e n c i e s  o f  p r o d u c t  i o n  o f  the  
p r i m a r y  f u e l s  were a l s o  e s t i m a t e d  i n  t h i s  r e p o r t  as  6 0 %  f o r  
room and p i l l a r  s h a l e  m i n i n g  and t P - ! 3 n e  f o r  c o a l  m i n i n g ( 2 5 ) .  

In  Germany in  1938, 584/ o f  t h e  m o t o r  f i l e 1  W A S  
s y n t h e t i c ,  m a n u f a c t u r e d  f r o m  c o a l ,  wood, and a g r i c u l t u r a l  
p r o d u c t s ( 2 S ) .  About h a l f  o f  t h i s  p r o d u c t i o n  was g a s o l i n e  
made f rom brown c o a l  w i t h  t h e  F i s c h e r - T r o p s c h  s y n t h e s i s .  
T h i s  t e c h n o l o g y  was t r a n s f e r r e d  a f t e r  t h e  war t o  t h e  S A S O L  
C o r p o r a t i o n  i n  So i r th  A f r i c a  where i t  i s  now b e i n g  g r e a t l y  
expanded. I n  a r e c e n t  s tudy ,  F. K. Chan o f  K e l l o g g  Corp. 
has used pub1 i s h e d  SkSOL d a t a  t o  e s t i m a t e  t h e  e f f i c i e n c i e s  
and c o s t s  o f  makinp, v a r i o u s  s y n t h e t i c  f u e l s  ( 2 7 ) .  H i s  
r e s u l t s  a r e  shown i n  T a b l e  V I  Since  t h e  S A S O L  process  uses 
L u r g i  g a s i f i c a t i o n ,  t h e  e f f i c i e n c y  i s  h i g h  o n l y  when 
c o p r o d u c t s  a r e  p roduced .  

The m a n u f a c t i i r e  and use o f  methano l  a s  a f u e l  has been 
examined i n  c o n s i d e r a b l e  d e t a i l  i n  a r e c e n t  s t u d y  ( 2 2 )  by  
t h e  klest  German Government.  I t  p r o j e c t s  a r e q u i r e m e n t  o f  
1 . 4 6  t ons  o f  h a r d  c o a l ,  5 . 3 7  t o n s  o f  l i n n i t e ,  o r  1 1 2 0  c u b i c  
m e t e r s  o f  n a t u r a l  gas p e r  t o n  o f  methano l  s y n t h e s i z e d .  
These f i g u r e s  c o r r e s p o n d  t o  the rma l  e f f i c i e n c i e s  o f  4 G 4  f o r  
c o a l  and 1 i g n i t e  and  5 5 %  f o r  n a t i i r a l  eas. The f u e l  
r e q u i r e m e n t  c a n  be g r e a t l y  reduced  i f  t h e  p l a n t  i s  c o u p l e d  
t o  a n u c l e a r  p l a n t  f o r  p rocess  hea t .  

Waste and Wood: The p o s s i b l e  m a n u f a c t u r e  o f  methano l  
f rom m u n i c i p a l  w a s t e  i s  a p o t e n t i a l l y  a t t r a c t i v e  s o l u t i o n  
f o r  b o t h  o u r  was te  d i s p o s a l  and  energy  s h o r t a c e  prob len is .  
The C i t y  o f  S e a t t l e  has e x p l o r e d  v a r i o u s  d i s p o s a l  schemes 
and f i n d s  t h a t  t h e  m a n u f a c t u r e  o f  methano l  o r  ammonia, 
depend ing  on m a r k e t  c o n d i t i o n s ,  o f f e r s  t h e  most economica l  
method o f  was te  d i s p o s a l ,  even though i t  a l s o  r e q u i r e s  t h e  
l a r g e s t  amount o f  c a p i t a l  ( 2 9 ) .  I n  a s t ~ i d y  f o r  t he  C i t y  i t  
i s  e s t i m a t e d  t h a t  1 5 0 0  tons / t i ay  o f  was te  can produce l O F n  

tons /day  o f  s y n t l 1 e s i s - z a s  w h i c h  i n  t u r n  w i l l  Prodklce 275 
t ons /day  o f  me thano l  a t  a c o s t  o f  Icf,nnr! k w h  o f  e l e c t r i c  
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I 

P o \ w r .  The n e t  e n e r g y  e f f  i c i e n c y  c s t i t : a t e d  f r o r l  t h e s c  
imPuts i s  a b o u t  3 4 :  ( 3 0 ) .  I .?ethannl  has n c v e r  hecn ma6e tronl 
waste  o r  wood, b u t  n o  p r o h l e r s  ~ r r  a p p a r e n t  i n  d o i n p  so, 
s i n c e  t h e s e  f u e l s  c a n  be g a s i f i e d  t o  syn-gas. I n  f a c t  
c e l l u l o s i c  t y p e  f u e l s  have t y p i c a l l y  l c s s  t h a n  0.1 : ;  SUI f u r  
VJhereas c o a l  has 2 %  o r  more. M e t h a n o l  c a t a l y s t s  a r c  
P a r t i c u l a r l y  s e n s i t i v e  t o  s u l f u r ,  s o  t h i s  i s  an  a d v a n t a g r .  
The c f f i c i c n c i e s  o f  c o n v e r s i o n  s h o u l d  be  coniparable,  on an 
e n e r g y  b a s i s ,  t o  t h o s e  p r e d i c t e d  above f o r  c o a l .  I t  i s  
e s t i m a t e d  t h a t  1 t o n  o f  methano l  ( 1 7  t.‘t.:RTl!/ton) c a n  be made 
f rom 3 t o n s  o f  d r y  wood ( l G  ElbiRTl.!/ton) o r  5 . 1  t o n s  o t  w a s t e  
( t y p i c a l l y  c o n t a i n i n l :  9 E’ltlRTl!/ton) based on a c o n v e r s i o n  
e f f i c i e n c y  o f  3 7 2 .  tlowever e f f  i c i e n c i e s  c o u l d  be 
s i g n i f i c a n t l y  h i g h e r  o r  l o w e r  dependinr :  on p l a n t  s i z e  and 
degrec  o f  h e a t  r e c o v e r y  ( 3 1 ) .  

Secnnd Law E f f i c i e n c i e s  

So f a r  we have been d i s c u s s i n , ?  what c a n  be c a l l e d  a 
f i r s t  law e f f i c i e n c y  o f  methano l  c o n v e r s i o n ,  g a s i f i c a t i o n ,  
e t c .  wh ich  i s  d e f i n e d  i n  Fq. ( 1 )  a s  t h e  r a t i o  o t  t h e  
e n e r g y  c o n t e n t  o f  t h e  p r o d u c t s  t o  t h e  r n e r g y  i n p u t s .  T h i s  
c r i t e r i o n  can be m i s l e a d i n g .  I t  i s  p o s s i b l e  t o  c o n v e r t  
betvmen c h e m i c a l ,  e l e c t r i c a l  and m e c h a n i c a l  r n e r g y  w i t h  an 
e f f i c i e n c y  approach in^ 1 0 0 9 .  t lo\:ever we cannot  c o n v e r t  
t h e r m a l  e n e r g y  t o  t h e  o t h e r  f o r m s  w i t h o u t  l o s i n e  J f r a c t i o n  
( T 2  - T 1 ) / T 2  when we use a h e a t  c n s i n e .  I n  c o n v e r t i n F  o t h p r  
e n e r g y  fo rms t o  t h e r m a l  energy ,  V J ~  can c a i n  thP f r a c t i o n  
T i / ( T ? - T l ) h y  u s i n g  a h e a t  pump. These r c l a t i o n s  a r e  
i l l u s t r a t e d  i n  F i g .  2 .  

The second law e f f i c i e n c y  has  been de f inec !  ( 3 2 - 3 5 )  a s  

e = h e a t  o r  t i o r k  u s e f u l l y  t r a n s f r r r e r l  by a d e v i c e )  
( i s x i m u m  h e a t  o r  work  t r a n s f e r r a b l e  by any d e v i c e )  ( 3 )  

I n  e x a m i n i n g  c h e c l i c a l  p r o c e s s e s ,  t h e  change i n  Gibbs  f r e e  
cncrp,y, AG, accompany inn  a c h e m i c a l  p r o c e s s  i s  t h c  p r o p e r  
measure o f  c h e m i c a l  e n e r g y  consumed o r  p roduced i n  t h a t  
r e a c t i o n  a n d  d e t e r m i n e s  t h r  maximum e f f i c i e n c y  o f  t h e  
p r o d u c t i o n  o f  c h e m i c a l ,  e l e c t r i c a l  o r  m e c h a n i c a l  e n e r h s .  

For  t h e  c o n v e r s i o n  o f  p r i n i a r y  f u e l s  t o  s y n t h r t i c  t u e l s ,  
Lve d e f i n e  t h e  second 1 a v ~  e f f i c i e n c y  J S  t h e  r a t i o  o f  t h e  f r e r  
e n c r g i e s  o f  c o m b u s t i o n  ( a t  3 0 f l K )  o t  t h e  p r o d u c t s  t o  t h o s e  o t  
t h e  i n p u t s ,  

e = A C P ( p r o d u c t s ) / A G ~ ( f u e l  ( [I ) 

(\,here ACP 
f u e l ,  w h e t h e r  i t  i s  u s e d  a s  a f e e d s t o c k  o r  f o r  a u x i l l i a r y  
e n e r g y  p r o d u c t  i o n . )  

i s  t h e  f r e e  e n e r g y  o f  c o m b u s t i o n  o f  t h e  p r i m a r y  

The v a l u e s  o f  AI!; a n d  ACP a t  3001: a r e  sh0v.m i n  Tat . ] ?  
V I 1  f o r  methano l  and s e v e r a l  p r i c i a r y  f u e l s .  I t  can be seen 
t h a t  t h e  f r e e  CnPrPy o f  c o m b u s t i o n  o f  methano l  i s  
s i g n i f i c a n t l y  h i s h e r  t h a n  t h e  h e a t  o f  coi: ibustion, r . :h i lc  tor 
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t h e  P r i m a r y  fcrels, these q u a n t i t i e s  a r e  ~ p p r o x i m a t e l y  e q u a l .  
The o v e r a l l  second l a w  e f f i c i e n c y  o f  methano l  p r o d u c t i o n  
f rom methane o r  p e t r o l e u m  i s  compared t o  an assumed f i r s t  
1 J w  e f f i c i e n c y  o f  0 . 6 "  i n  Tab le  VII.  The second law 
e f f i c i e n c y  i s  s e v e r a l  p e r c e n t  h i g h e r  and t h i s  i s  due t o  t h e  
l a r n e  e n t r o p y  t e r m  i n  the  f r e e  e n e r c v  o f  combus t ion  o f  
methano l .  

The f o r m a t i o n  o f  n ic thano l  i s  h i g h l y  e x o t h e r m i c  ( E q s .  
11-l,?,b,G) w h i c h  y o u l d  a t  f i r s t  suRgest t h a t  a g r e a t  dea l  
o f  r n e r c y  i s  l o s t  i n  c o n v e r s i o n  f r o m  o t h e r  f u e l s .  I t  i s  
p r e c i s e l y  because t h e  hea ts  o f  combus t ion  do n o t  d e t e r m i n e  
e f f i c i e n c i e s  t h a t  i n  t a c t  p r a c t i c a l  s y n t h e s i s  o f  me thano l  i s  
r e l a t i v e l y  e f f i c i e n t .  A l t h o u g h  a g r e a t  dea l  o f  hea t  i s  
p r o d u c r d  a t  v a r i o u s  s t a g e s  i n  p r o c e s s i n g ,  t h i s  h e a t  can be 
recove red  a s  work f o r  con ip ress ion  and appears  i n  t h e  
methano l  JS r ecove red  t r e e  energy .  

A l t h o u g h  t h e  use o f  second ~ J W  e f f i c i e n c i e s  does n o t  
g r e a t l y  chanGe t h e  o v r r a l  1 c o n v r r s i o n  e f f i c i n e c y  i n  c ie thano l  
p r o d u c t i o n ,  i t  g i v e s  much more i n s i g h t  i n t o  t h e  s e p a r a t e  
s t e p s  o f  p r o d u c t i o n  and p o i n t s  tip t h e  a r e a s  where 
improvements can be made. A few examples w i l l  make t h i s  
c l  ea r c r  . 

S ince  g a s i f i c a t i o n  o f  f e e d s t o c k s  n r n e r a l l y  l e a d s  t o  a 
r a t i o ,  R = t f ? / C O  d i f f e r e n t  f rom t h a t  o f  2 r e q u i r e d  f o r  
methano l  s y n t h e s i s ,  i t  i s  necessa ry  t o  p e r t o r m  the  waterRas 
s h i f t  r e a c t i o n ,  E q .  ( 1 1 1 - 8 )  on t h e  raw syn-fras, ?n6 t h i s  
r e a c t i o n  cons~lmes a qt iant  i t y  o f  f r e e  enerey  c a l c u l ! t e d . a s  
f o l l o w s .  The f r e e  enerEy o f  any r e a c t i n n  m i x t u r e  I S  R i v e n  
by  ( 3 6 )  

where 
p i  = p f  + RT I n  X, ( 6 )  

O le re  p i  i s  t h e  chemica l  p o t e n t i a l  o f  each spec ies ,  niis t h e  
number o f  mo les  of each s p e c i e s  i n  t h e  m i x t u r e ,  a n d  X i s  
t h e  mole f r a c t i o n  o f  each s p e c i e s .  I t  we t a k e  x = H , f C O ,  as  
a measure o f  t h e  degree of r e a c t i o n ,  Eq. ( 5 )  becomes 

G ( x )  - ( G c o +  C11,o) = x A G ;  + R T  I n  P + ( 7 )  

T h i s  f r e e  energy  l o s s  on r e a c t i o n  i s  s h o m  as J f u n c t i o n  of 
t h e  degree o t  r e a c t i o n  in  F i r , .  2 f o r  a t o t a l  p r e s s u r e  o f  1 
atni a t  S O O K  and 1000K.  F!ote t h a t  even f o r  x = 0 t h e r e  i s  a 
change from t h e  s t a n d a r d  f r e e  energy  o f  t h e  r e a c t a n t s  due t O  
t h e  i n i t i a l  m i x i n g  o f  the  r e a c t a n t s .  Then a s  t h e  r e a c t i o n  
proceeds, t h e r e  i s  a f u r t h e r  dec rease  i n  f r e e  energy  due t o  
b o t h  e n t h a l p y  p r o d u c t i o n  and f u r t h e r  n i x i n g  o f  t h e  p r o d u c t  
R J S ~ S .  The f r e e  energy  reaches  a minimum a t  a v a l u e  x 
de te rm ined  by t h e  e q u i l  i h r i u m  c o n s t a n t .  

+ 2 R T  ( x l n x  + ( l - x ) l n ( l - x ) )  

From t h i s  g raph  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  f r e e  
enerRy  cost o f  go ing  from any i n i t i a l  r a t i o  R t o  t h e  va1Lle 
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5 1  

R = 7  r e q u i r e d  f o r  methano l  s y n t n e s i s .  For  i n s t a n c e ,  s t a r t i n r :  
w i t h  R = 1, t h e  f r e e  e n e r n y  d e c r e a s e s  f r o m  - 5 3 0 0  t o  - 6 I O Q  o r  
a b o u t  - G O O  ca1 p e r  mo le  o f  m i x t u r e  ( -2 i ;nP c a l / m o l t ?  of 
syn-gas, P, = 2 )  a t  1 0 0 0 K .  

Oxynen i s  o f t e n  u s e d  f o r  thP e a s i f i c a t i o n  r e a c t i o n s  of  
T a b l e  I l l .  The t i r s t  l a w  g i v e s  n o  v a l u e  f o r  t h e  e f f i c i e n c y  
o f  s e p a r a t i o n  of  oxygen f r o m  a i r ,  s i n c e  t h e  h e a t  c o n t e n t  o f  
t h e  s e p a r a t e d  0 a n d  FI i s  t h e  same a s  t h a t  b e f o r e  
s e p a r a t i o n .  F o r  t h e  r e a c t  i o n  

( 8  1 2 A i r  --* 0 . ? 1  C 2  + 0 . 7 9  E! 

t h e  f r e e  e n e r g y  change f r o m  E q .  ( 5 )  i s  g i v e n  by 

A G  = RT ( 0 . 2 1  I n  0 . 2 :  + 0 . 7 9  I n  0 . 7 0 )  ( 0 )  

T h i s  can be e a s i l y  comparcd t o  t h e  e l e c t r i c a l  o r  t h c r n i a l  
e n e r g i e s  r e q u i r e d  t o  o p e r a t e  an  o x y ~ e n  p l a n t .  A c c o r d i n g  t o  
one m a n u f a c t u r e r ,  2 4 0  kwh a r e  r e q u i r e d  t o  prot l i ice J t o n  of 
oxygen, w h i l e  f r o m  E q .  ( 8 )  we c a l c u l a t e  a minimum 
r e q u i r e m e n t  a t  : O O K  o f  4 3 . 1  k \ i h / t o n ,  y ie ld in ! !  an  e f f i c i e n c y  
o f  2 0 % .  ( T h i s  c o n v e r t s  t o  77; t h e r m a l  e f f i c i e n c y  i f  one 
assumes an e f f i c i e n c y  o f  3 3 2  f o r  power F e n e r a t i o n ) .  
G y t t o p o u l i s  e t  a1 ( 3 6 )  d e r i v e  a second lab/ e t f i c i e n c y  o f  17: 
f o r  a n  oxygen p l a n t  m a k i n g  3 5 C  tOnS/dJy o f  oxyEen. 
e f f i c i e n c y  o f  t h e  p r o c e s s .  

t h e  use o f  second law e f f i c i e n c i e s  t o  a n a l y s c  t h e  v a r i o u s  
s t e p s  i n  methano l  m a n u f a c t u r e  i n  second la t !  te rms t o  
d e t e r m i n e  where in iprovcments can b e  r;iadc ( I s i n <  new p r o c e s s e s  
a n d  d e v i c e s  such a s  h e a t  piimps a n d  f u e l  c e l l s  no\'/ b c i n p  
deve loped.  
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SECOND LAW ANALYSIS, FOR PINPOINTING 
THE TRUE INEFFICIENCIES I N  FUEL CONVERSION SYSTEMS 

Richard A .  Gaggioli and Peter J. P e t i t  

Mechanical Engineering Department, Marquette University 
Milwaukee, Wisconsin 53233 

Introduction 

Presented i n  t h i s  paper i s  t h e  methodology fo r  fundamental thermodynamic 
ana lys i s  of energy conversion systems. Examples a re  taken from representa t ive  
coa l  gas i f i ca t ion  un i t  opera t ions ,  t o  i l l u s t r a t e  the  method i n  the  context of 
synfuel systems. Such ana lyses  accura te ly  pinpoint and eva lua te  the  d iss ipa t ions  
i n  a p l a n t ,  as w e l l  as t h e  e f f i c i ency  of each device. Being a "second l a w "  
ana lys i s ,  it is based on the  concept c a l l e d  a v a i l a b i l i t y , *  i n  con t r a s t  t o  the  
usual " f i r s t  l a w "  ana lys i s  which uses only the  energy concept. 

The r e s u l t s  are n o t  simply o f  academic i n t e r e s t ;  they a r e  of real p r a c t i c a l  
value i n  many ways, as t h e  a r t i c l e  discusses.  Many engineering, adminis t ra t ive ,  
executive and p o l i t i c a l  dec is ions  a re  made under the impressions -- misimpressions 
-- given by energy analyses.  In  a recent  a r t i c l e ,  former Chief Engineer C. A. Berg 
(1) of  t h e  FPC s t r e s s e d  the  necess i ty  t o  apply a v a i l a b i l i t y  analyses i n  l i e u  of 
energy analyses,  i n  o rde r  t o  measure r a t i o n a l l y  the  e f f ec t iveness  wi th  which fue l s  
and resources are put  t o  use: among o the r  things,  he poin ts  ou t  examples of  m i s -  
manaqement r e s u l t i n g  from t h e  above-mentioned misimpressions. 
Administration has  r ecen t ly  supported severa l  s tud ie s  based on the second law (13.14) ; 
one of these s tud ie s ,  by phys ic i s t s  from Princeton and Michigan, was reported 
r ecen t ly ,  i n  Science ( 2 2 ) .  

For some t i m e  prominent thermodynamicists (e.g. 5, 6,  15, 16, 17, 18) have 
proposed the more ex tens ive  use of a v a i l a b i l i t y  analyses.  One reason they have 
n o t  been taken up e n t h u s i a s t i c a l l y  i s  because t h e  concept of a v a i l a b i l i t y  i t s e l f  
has seemed abstract and d i f f i c u l t  t o  understand, as  a r e s u l t  of complex der iva t ions ,  
f r o m  obtuse statements o f  t h e  second law. The causes of t he  complexity a re  h i s t o r i c a l  
-- qui rks  i n  t he  way thermodynamics evolved. 
been made l a t e l y  and thermodynamics, including a v a i l a b i l i t y ,  can now be pre- 
sented i n  a very pa l a t ab le  manner, while makinq i t s  p r a c t i c a l  importance and value 
much c learer .  

The Federal Enerqy 

But very s ign i f i can t  proqress has  

The r e s u l t s  of second law analyses a r e  much more en l igh ten ino  than f i r s t  law 
(energy) analyses,  because the  d i s s ipa t ions  and e f f i c i e n c i e s  measured with ava i l -  
a b i l i t y  a re  the  =ones ,  whereas those measured with e n e r q  a r e  erroneous and 
misleading. What the s c i e n t i s t  c a l l s  "enerqy" is n o t  t he  resource soc ie ty  values. 
What t h e  layman calls "energy" & t h a t  resource,  bu t  the  layman's "enerqy" is  
synonymous with " a v a i l a b i l i t y .  " 

When does t h e  layman asc r ibe  "eneroy" to a mater ia l?  When it has a -po ten t i a l  
to cause change f o r  him. 
. t h i s  po ten t ia l :  our energy cannot be produced or destroyed. Therefore, i f  it were 
t r u l y  a resource it would be nondepletahle. We cannot resolve t h i s  paradox by 
saying t h a t  "it is  conserved, b u t  it denradahle." Because, i f  enerqy loses 

Rut t h a t  which is c a l l e d  enerqy bv the  s c i e n t i s t  is not 

*Other words have been used a s  a l t e r n a t i v e s  t o  "ava i l ab i l i t y" ;  e.q., ava i lah le  
energy, ava i l ab le  work, usefu l  energy, exerqy, esserqy and o thers  -- includinq 
"Potent ia l  energy", which w i l l  be used synonymously i n  t h i s  article. 
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potent ia l  t o  cause change f o r  us then energy cannot be a measure of  t h a t  p o t e n t i a l .  
The Only t r u e  reso lu t ion  of the  paradox i s  t o  r e a l i z e  t h a t  it i s  a v a i l a b i l i t y  -- 
potent ia l  energy -- which is  the r a t i o n a l  measure of p o t e n t i a l  t o  cause change 
f o r  E. 

It is p o t e n t i a l  e n e r a  t h a t  is needed t o  make processes F: i n  so doing, it 
is l i t e r a l l y  used up -- not degraded, not  converted, b u t  used up (consumed). 

"Energy converters", such as enaines, take p o t e n t i a l  energy i n  one form and 
convert it, i n  p a r t ,  t o  another form; the p a r t  which is not  converted is used up 
t o  accomplish the  conversion. We could say t h a t  t h e  consumed por t ion  " f u e l s "  t h e  
conversion process. 

of thermodynamics, ( 2 )  a descr ip t ion  of how these are appl ied,  e s p e c i a l l y  f o r  t h e  
a v a i l a b i l i t y  ana lys i s  of synfuel  operat ions,  (3)  t h e  r e s u l t s  of t h e  ana lys i s  of 
some coal g a s i f i c a t i o n  uni t  operat ions,  and (4 )  t h e  summary and conclusions, includ- 
ing a s u r v e y  of r e s u l t s  for  o ther  systems and economic sec tors .  

Thermodynamics -- Its Basic Implicat ions 

The bas ic  concepts of Thermodynamics a r e  t h e  two commodities c a l l e d  Eneray 
and, here ,  Poten t ia l  Energy.* The bas ic  p r i n c i p l e s  a r e  the  F i r s t  Law, dea l ing  w i t h  
energy, and t h e  Second Law, deal ing with p o t e n t i a l  energy. 

To i l l u s t r a t e  the  b a s i c  concepts and p r i n c i p l e s ,  consider Figure 1, showing 
a conduit carrying some commodity. I t  could por t ray  a transmission l i n e  through 
which e l e c t r i c  charge is  flowing with a c u r r e n t  I (e. g., amperes = coulombs per  

second). O r ,  it might be a penstock carrying volumes V o f  high-pressure water a t  
a cur ren t  I" (such as g p m  = gal lons per  minute) ,  perhaps headed f o r  a hydraul ic  

turbine.  The conduit could be a p ipe l ine  car ry ing  anmunts n of a chemical such 
as H2 a t  a cur ren t  I 

carrying a thermal current  I,. 

examples, pas t  any "s ta t ion"  along a transmission l i n e ,  such a s  p a s t  t h e  cross- 
sec t ion  depicted i n  Figure 1, the  r a t e  PE a t  which energy E flows p a s t  is  propor- 

t i o n a l  t o  the r a t e  I a t  which the commodity flows p a s t .  I f  t h e  conunodity is 
charge, then we can w r i t e  t h a t  the energy cur ren t  -- the  '.'power" -- is P .=  $1 

where 9 is the  value of the electric p o t e n t i a l  a t  the  "s ta t ion ."  P = 01 can be 

ca l led  the  r a t e  of e l e c t r i c  flow of energy, assoc ia ted  with the  e l e c t r i c  cur ren t  I . 
When a v i r t u a l l y  incompressible f l u i d  c a r r i e s  enerqy so le ly  by v i r t u e  of  

being pressurized,  there is  a hydraul ic  flow of  energy a t  t h e  r a t e  PE = pIv, where 

p is  the pressure and Iv is the volumetric flow r a t e .  

c a r r i e s  energy not  only because of i ts  pressure  but  a l s o  becuase of its composition, 
the flow of energy can be c a l l e d  a chemical flow: e .g . ,  i f  H2 i s  flowing with a 

cur ren t  I moles per  second, PE = !.I I where !.I is  the chemical p o t e n t i a l .  

the commodity cur ren t  and t h e  assoc ia ted  energy cur ren t  (energy p o w e r  flow) turns  

The following a r t i c l e  is  broken down i n t o  (1) a summary o f  t h e  fundamentals 

(such as  gram-moles/second). O r  it could be a h e a t  conductor 

The conduit could he carrying any cormnodity. 
H2 

Whatever the  commodity might be, energy is c a r r i e d  concurrent ly  with it. For 

E q  

E q  

? 

When a mater ia l  flows and 

H2 H2 H2 H 2  
Notice t h a t ,  i n  each o f  the  above examples, the  propor t iona l i ty  f a c t o r  between 

c 
'I 

*The commodity t h a t  we c a l l  p o t e n t i a l  e n e r q ,  here ,  has  crone by a v a r i e t y  of names, 
such as a v a i l a b i l i t y .  The t r a d i t i o n a l  " p o t e n t i a l  energy" -- t h a t  of a mass i n  a 
a r a v i t a t i o n a l  f i e l d ,  a t  an a l t i t u d e  above some reference datum ("wound") -- i s  
one form of p o t e n t i a l  enerqy. 



o u t  to  be the " p o t e n t i a l "  which d r i v e s  the commodity cur ren t  through the  conduit. 
S ta ted  more p r e c i s e l y ,  a d i f fe rence  i n  the p o t e n t i a l ,  from one end of the  conduit 
t o  another ,  causes the c u r r e n t  t o  flow throuqh the  conduit. 

Whatever t h e  commodity i s  t h a t  is flowing -- and severa l  may b e  flowing 
simultaneously -- t h e r e  i s  a flow of energy assoc ia ted  with the  flow of each 
commodity, and hence f o r  each commodity t h e r e  i s  a propor t iona l i ty  c o e f f i c i e n t  
( l i k e  p o r  0 or  FI 

t h e  commodity cur ren t  I. 

) r e l a t i n g  the associated energy c u r r e n t  ( i .e. ,  power) PE t o  
H2 

The dr ivinq force  which causes the thermal c u r r e n t  is  temperature difference;  
and, PE = TI,. T r a d i t i o n a l l y ,  i n  science and engineer ina,  it is  PE which has  

been c a l l e d  the r a t e  o f  h e a t  flow. I t  would have been b e t t e r  to use the  word 
"heat" f o r  the c o m d i t y  with cur ren t  I,, b u t  t h i s  commodity was not  recoqnized 

u n t i l  later; it i s  entropy. 

Commodity Balances, and the F i r s t  Law 

In ana lys i s  of energy converters  balances a r e  appl ied  -- i m p l i c i t l y ,  i f  not  
e x p l i c i t l y  -- t o  t h e  d i f f e r e n t  converters  f o r  each of  the re levant  commodities; 
f o r  examples, mass balances,  energy balances, chemical compound balances, entropy 
balances,  and so on. The amount o f  any qiven commodity i n  some container  can i n  
general  be changed by e i t h e r  (1) t ranspor t ing  t h e  commodity i n t o  o r  ou t  of the  
container ,  o r  ( 2 )  product ion or consumption ins ide .  Thus, on a r a t e  b a s i s  {The 
rate of change i n  t h e  amount of t h e  commodity contained) = [ m e  sum of a l l  o f  the  
i n l e t  r a t e s )  - (The sum of a l l  of the o u t l e t  r a t e s )  + {The r a t e  of production 
i n s i d e )  - {The rate of consumption inside}. For the  s p e c i a l  case of  s teady opera- 
t i o n ,  the  amount of any content  is  constant ,  so t h a t  the rate of change of the  
content  i s  zero. Then, the t o t a l s  of the r a t e s  of i n f l u x  and the  productions equals 
the  t o t a l s  of the e f f l u e n t  r a t e s  p l u s  consumptions. 

Some commodities, l i k e  charge, cannot be produced o r  consumed; they a r e  s a i d  
t o  be conserved. The essence of t h e  F i r s t  Law is, of  course, t h a t  enerqy is  con- 
served; there  is another  aspect :  the t r a n s p o r t  of any commodity has  an associated 
energy t ranspor t ,  as i l l u s t r a t e d  by the  foreqoing discussions o f  cur ren ts  i n  
condui ts .  

The P o t e n t i a l  t o  Cause Change f o r  us: a commodity 

The answer 
is: whenever it is not  i n  complete, stable equi l ibr ium with environment. Then, 
i t . c a n  be used to  accomplish any kind of chanqe w e  want, t o  some degree. Thus, 
charge has  t h i s  capac i ty  whenever it i s  a t  a p o t e n t i a l  d i f f e r e n t  f r o m  "ground"; 
water has  t h i s  capac i ty  whenever it is a t  a pressure  d i f f e r e n t  from "ground." 

Water i n  a tower has  capaci ty  t o  cause change f o r  us; w e  could use it t o  
cause any kind of change f o r  us, t o  some deqree. For example, w e  could use it t o  
take charge -- o f  some l i m i t e d  amount -- o u t  of the "ground" and p u t  it on a 
given capaci tor .  
p o t e n t i a l  above "ground." Thus, it now has some of t h e  capaci ty  t o  cause change 
f o r  us  given up by  the  water .  
i n  the  capaci tor  to  pump water back i n t o  t h e  tower. But c e r t a i n l y  no more water 
than was used t o  charge the capaci tor .  
t h a t  water back up? Clear ly  t h a t  depends on (1) how e f f i c i e n t l y  w e  did the task  
of t r a n s f e r r i n g  t h e  water ' s  o r i a i n a l  capaci ty  t o  the  charqe -- on what f r a c t i o n  
of t h e  o r i g i n a l  capac i ty  was u l t imate ly  t r a n s f e r r e d  t o  t h e  charae and on what 
f r a c t i o n  was consumed to accomplish t h a t  t r a n s f e r ,  and i n  turn ,  ( 2 )  how e f f i c i e n t l y  
w e  t r a n s f e r  the charge ' s  capaci ty  back t o  t h e  water. P r a c t i c a l l y ,  whatever the  
des i red  transformation i s ,  some capaci ty  t o  cause change must b e  consumed by the  
equipment which accomplishes the  transformation; capaci ty  t o  cause change ("fuel")  

When does a commodity have t h e  capaci ty  t o  cause changes f o r  E? 

Once t h e  capac i tor  has been charsed, the  charue is  now a t  a 

I f  we l iked ,  w e  could use t h e  capaci ty  now res id ing  

How c lose  could w e  come t o  g e t t i n g  a l l  
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must be used 'up t o  make the  transformation proceed. 

boundless c a p i t a l  ( f o r  equipment and t i m e )  t h a t  we could i n v e s t  f o r  use i n  
charging the capaci tor  by lowering the  water, and then f o r  p q i n g  it back by 
discharging the  capaci tor ,  w e  could come as c lose a s  we would l i k e  t o  r e t u r n i n g  
the o r i g i n a l  amount of water to the tower, b u t  never more. That i s  the t h e o r e t i c a l  
l i m i t .  

Capi ta l  i s  needed t o  improve the  e f f ic iency  of our transformations. Given 

Figure 2 depicts  equipment f o r  accomplishing t h e  t r a n s f e r  of "capacity t o  
cause change" from the charged capaci tor  t o  the water. As the  charae flows from 
the  capaci tor  through t h e  motor i t s  p o t e n t i a l  drops t o  the  "qround" value -- the  
equi l ibr ium value, i n  our environment. The decrease i n  p o t e n t i a l  is qiven up t o  
torque i n  the dr ive  s h a f t  which i n  turn t ransmi ts  it via  the  pump t o  t h e  water, 
taken from the  reservoi r .  
pressure,  from "ground" pressure  (atmospheric) t o  t h a t  p ressure  correspondins t o  
the  water tower head. 

A t  an i n s t a n t  when c u r r e n t  is flowing from the capac i tor  a t  p o t e n t i a l  4 ,  and 
through the motor a t  a r a t e  I then the t h e o r e t i c a l  l i m i t  on the water flow r a t e  

I i s  given by I,] maximum = [I) - $ 11 /[p - pol  where $, i s  ground p o t e n t i a l ,  

po i s  "ground" ( i . e . ,  atmospheric) pressure a t  the pump i n l e t  and p is the  pressure  

a t  the pump o u t l e t .  

o f  hydraul ic  enerqy increase of the water [p - polIv cannot exceed the rate of 

electric enerqy decrease of t h e  charge r.4 - $OIIv. 

smaller  can the  maximum Iv be. 

p o t e n t i a l  increased grea t ly  o r  a l a r u e  amount i s  having i t s  p o t e n t i a l  increased 
s l i q h t l y ,  the maximum "capaci ty  t o  cause change", cp - poIIv,  t h a t  the water w i l l  

be  acquir ing would be the  same. The maximum [p - poIII, would equal the "capacity 

t o  cause change" being given up by the charge, [ @  - $O]Iq, which is the "poten t ia l  

energy" decrease of t h e  charge -- the  enerqy decrease assoc ia ted  with br inqinq it 
t o  complete equi l ibr ium with our environment ( t o  "ground"). Under these i d e a l  

equals the  p o t e n t i a l  energy ( a v a i l a b i l i t y )  flowinq i n  B 

never reached i n  prac t ice .  Associated with r e a l  motors and pumps, t h e r e  w i l l  
always be d iss ipa t ions  of p o t e n t i a l  enerqy -- conswption thereof  -- used up to  
make the  motor and pump "go." These d i s s i p a t i o n s  manifest themselves i n  "heat  
production"; i f  steady opera t ing  condi t ions a r e  t o  be maintained -- which w e  w i l l  
assume, here ,  s ince  it w i l l  he lp  i l l u s t r a t e  c e r t a i n  important po in ts  -- the "heat" 
(entropy) which is  produced must he t r a n s f e r r e d  away, eventual ly  flowing i n t o  our 
atmosphere a t  "ground" temperature, To. !Che thermal cur ren t  i n t o  the  atmosphere, 

Ie,  w i l l  need t o  equal t h e  r a t e  of  "heat" (entropy) production i n  t h i s  steadv case,  

and the associated energy t r a n s f e r  w i l l  be ToIe. 

The pump increases  t h e  p o t e n t i a l  of the water, i t s  

q p  

V o q  

The re la t ionship  f o r  IV follows from t h e  f a c t  t h a t  the  r a t e  

The a r e a t e r  [p - p o l ,  t h e  

Whether a small  a m u n t  of water  i s  having i t s  

condi t ions,  the  p o t e n t i a l  energy ( o r  a v a i l a b i l i t y )  flowing o u t  P P,out = [ p - P O I I v  
= c $  - $OIIq. 

A, i n  
Such i d e a l  operat ion is t h e  t h e o r e t i c a l  l i m i t  which can be approached b u t  

The e n e r w  balance f o r  the  com- 

p o s i t e ,  saying enerqy e f f l u x  equals  energy i n f l u x ,  now y i e l d s  $I  + POIV = "Is + 

 PI^ + T J ~ .  That is, the p o t e n t i a l  energy 

output  w i l l  be  less than the i n p u t  by t h e  amount consumed t o  "dr ive" t h e  t ransfor -  
mation: 

Hence, Cp - p 0 1 ~ ,  = C $  - 4 11 - ToIe .  

I 

'A,out = 'A,in - 'c 
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where i = T I 

energy consumption. 

Effect iveness  -- The True Eff ic iency 

I n  the t h e o r e t i c a l  l i m i t ,  p o t e n t i a l  energy suppl ied with any commodity can 
be completely t r a n s f e r r e d  t o  any o ther  c o m d i t y .  I n  the case of  r e a l  t ransform-  
t i o n s ,  the degree t o  which this per fec t ion  is  approached i s  measured by the so- 
c a l l e d  e f fec t iveness  (4 ,  16 ,  17) : 

represents  t h e  r a t e  of a v a i l a b i l i t y  consumption -- r a t e  of  p o t e n t i a l  0 8  

E ~ 

p o t e n t i a l  energy i n  product 
p o t e n t i a l  energy suppl ied 

For t h e  composite of  motor and pump j u s t  considered, the t r u e  measure of how well  
the  "capacity to  cause change" w a s  converted from t h e  e l e c t r i c a l  t o  hydraul ic  form 
i s  given by 

?'he denominator exceeds the numerator by t h e  amount of p o t e n t i a l  energy consumed, 

AconSumed: 
l i m i t  of E is 100 p e r  c e n t ,  which corresponds t o  the  ideal case with no &issipa-  
t ions .  To approach t h a t  l i m i t ,  i n  p r a c t i c e ,  r e q u i r e s  qrea te r  and greater c a p i t a l  
investmant of money and/or time. The t radeoff ,  then, i s  t h e  c l a s s i c a l  one: opera- 
t i n g  costs ( f o r  f u e l )  versus  c a p i t a l  ( f o r  equipment an& t ime) .  An important po in t  
here  i s  t h a t  opt imizat ion of t h i s  t radeoff  can be g r e a t l y  f a c i l i t a t e d  by the 
appl ica t ion  o f  Second Law analyses ,  applying p o t e n t i a l  enerqy analyses  to  processes, 
devices and systems ( 5 ,  6,  7 ,  10, 11, 17, 18,.19!. 

energy and " fue l"  energy are  genera l ly  fau l ty ,  t o  a degree which depends upon the  
kind of device or system t o  which they are  a.uplied. Basical ly ,  t h e i r  worth .is 
proport ional  t o  how w e l l  they approximate the e f fec t iveness ,  E. 

Thermal and Chemical P o t e n t i a l  Energy 

Recall the  relationshi.3 ic = T I 

+ Acl .  For q conversion, the  t h e o r e t i c a l  upper 
E = CP A, out"CPA, o u t  

Conventional e f f i c i e n c i e s  and u n i t  product cos ts  defined i n  terms of "product" 

f o r  the  s p e c i a l  circumstances i l l u s t r a t e d  o e  
i n  Figure 2 .  

equation 

t h a t  t h e  r a t e  of "heat" (entropy) production is proport ional  t o  t h e  r a t e  of poten- 
t i a l  energy consumption. I t  must be emphasized t h a t  ToIe does n o t  represent  

p o t e n t i a l  energy "escaping t o  the  environment" i n  Fiqure 2 ,  but  p o t e n t i a l  energy 
consumed within the composite of motor, pump, etc.; it does represent  e n e r q  
flowing i n t o  t h e  environment, but  it has n o  capaci ty  to cause change s i n c e  it is  
a t  "ground" temperature To -- a t  equi l ibr ium with our environment. 

I n  a c t u a l i t y ,  the  temperature of the system components r i s e s  as  a resul t  of 
the diss ipa t ions  ins ide .  Therefore the thermal cur ren t  leaving from the  surface 
0 would not be a t  T 

0 
a r a t e  [Tu - TOII , .  

-- a small f rac t ion  of  the enerqy escapinq thermally. 

Since I, equals  the  r a t e  of entropy production, ip, the  spec ia l  

= TOIe i l l u s t r a t e s  t h e  general- r e l a t i o n s h i p  Ac = To", which says - c  

b u t  a t  a higher  temperature Tu, car ry ing  p o t e n t i a l  energy a t  

Thus, a small amount of p o t e n t i a l  energy does escape thermally 

a "heat  cycle" (thermal motor) 
generator. I n  the t h e o r e t i c a l  
generator ,  the e l e c t r i c  ou tput  

Whenever we have a thermal c u r r e n t  I, a t  a temperature Tu # To, we could use 

whose work output  could be used say t o  dr ive a 
l i m i t  with no d iss ipa t ions  ins ide  the  cycle  o r  
would be PA,elec = [$ - $ 31 = [Tu - TolIe .  Since 

o q  
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the  energy input  t o  the cycle  i s  P 

P 

r e s u l t ,  usual ly  derived i n  a complex manner from obtuse "Second Law" s ta tements .  

on the  composite of Figure 2 f o r  t h i s  case with T 

Togp -- a general re la t ionship .  

e, PE = TI flows a t  a r a t e  I 

a r a t e  Ij, PE = p j I j  and PA = cuj - p j o l I j ,  where p 

of j i n  the  reference environment. When t h e r e  is bulk flow of a material, carrying 
entropy too,  PE = u.1 

CT - TolsjIj = [h. - TOsj - p .  11 

The Second Law 

= T I w e  can rewrite the  lat ter a s  
E,thermal U 8 

= c1 - (T /T )]PE,thermal: or W = [1 - (Tout/Tin)lp, which is t h e  c l a s s i c  

With algebraic  combination of an energy balance and a p o t e n t i a l  energy balance 

A,elec 0 0  

> To w e  would again f i n d  A = 

7 

When charge flows a t  a rate Iq, PE = $I and PA = [$ - $ 11 when entropy 

When a chemical j d i f f u s e s  a t  
9 0 q' 

and PA = CT - T o k e .  e 
" is t h e  chemical p o t e n t i a l  

j0 

+ TIe = c p j  + Ts.11 = h . 1 .  and PA = [p - )I 11 + 
i j  3 i 7 3  i j0 j 

3 30 j' 

I Potent ia l  energy does represent  t h e  capaci ty  t o  cause change f o r  us. I t  i s  
a commodity. I t  i s  d i s t i n c t  from energy; it i s  not  the  same commodity. Energy 
cannot serve as  a measure of capaci ty  t o  cause chanqe f o r  us; only p o t e n t i a l  
energy ( a v a i l a b i l i t y )  can. Some might be inc l ined  t o  claim the contrary,  arguing 
t h a t  the  d i s t i n c t i o n  is  a r t i f i c i a l ,  s i n c e  the difference between an energy flow 
l i k e  $I with charge (or  pIv f o r  "incompressible f lu ids")  and t h e  corresponding 

p o t e n t i a l  energy flow [$  - 4 11 
by measuring the p o t e n t i a l  r e l a t i v e  t o  ground. Thus, i f  $o I 0 then $ = [$  - $,I. 

A s  a matter of f a c t ,  f o r  commodities such as charge (and volume of  "incompressible 
f l u i d s " ) ,  which a r e  conserved, the  "ground" p o t e n t i a l  can be a r h i t r a r i l y  set t o  
zero,  with no disrupt ions.  But f o r  o ther ,  non-conserved commodities "qround" 
p o t e n t i a l  cannot be s e t  t o  zero: f o r  example, "ground" temperature To cannot be 
a r b i t r a r i l y  defined t o  be zero. 

change f o r  us"; energy flows assoc ia ted  with non-conserved commodities are not  
representa t ive  of such capaci ty .  And, energy associated with such commodities 
cannot, even i n  the  i d e a l  l i m i t ,  be completely t r a n s f e r r e d  t o  o t h e r  commodities. 

q 
i s  a t r i v i a l  difference which can be el iminated 

o q  

In summary, then,  energy does not  i n  general  represent  the "caDacity t o  cause 

Poten t ia l  energy, which anything has when it is  not  i n  complete equi l ibr ium 
with our environment, does represent  the capaci ty  t o  cause chanqe f o r  us. I t  can 
be t ransfer red  from one th ing  t o  any o ther  (but  completely only i n  the ideal l i m i t ) .  
I n  a c t u a l i t y ,  to  accomplish changes f o r  us some p o t e n t i a l  energy is  invar iab ly  
used up, because it i s  needed t o  make the  changes occur. This paragraph presents  
the  essence of the  Second Law. 

Energy i s  not  the commodity w e  value; p o t e n t i a l  energy ( a v a i l a b i l i t y )  is. 

The Methodology of  A v a i l a b i l i t y  Analyses 

the  p o t e n t i a l  energy consumed within the  system and t h a t  lost i n  e f f l u e n t s  so t h a t ,  
for a spec i f ied  amount of product, t h e  amount of p o t e n t i a l  energy -- "fuel"  -- 
t h a t  needs t o  be suppl ied i s  thereby decreased. 
system is a measure of t h e  prospects  f o r  improvement of f u e l  economy. The lower 
t h e  e f fec t iveness ,  t h e  g r e a t e r  the  prospects .  

o f  the  r a t e s  a t  which a v a i l a b i l i t y  ( p o t e n t i a l  energy) i s  t ransfer red  i n  and o u t  
with d i f f e r e n t  commodities. These ca lcu la t ions  involve exac t ly  the  same type of 

To improve the  operat ing " fue l"  economy o f  an "energy" s y s t e m  means t o  lessen  

The o v e r a l l  e f fec t iveness  of the 

To ascer ta in  t h e  consumption losses  and ef fec t iveness  requi res  the .eva lua t ion  

1 



procedures as t h e  eva lua t ion  of energy flows. 

N o t  only i s  an o v e r a l l  ana lys i s  of an "energy" system valuable, bu t  so is  a 
de ta i l ed  ana lys i s  which p inpoin ts  where and t o  what ex ten t  t he  a v a i l a b i l i t y  con- 
sumptions occur, wi th in  the  system. The procedures fo r  making a m r e  de t a i l ed  
ana lys i s  are i d e n t i c a l  t o  those f o r  the  ove ra l l  ana lys i s .  I t  is simlv a matter 
of applying balances t o  subsystems o f  the  ove ra l l  system. In  turn ,  components can 
be broken down and analyzed f u r t h e r ,  process by process.  

Application t o  Coal Gas i f ica t ion  Systems 

I n  this paper the  methodoloqy o f  a v a i l a b i l i t y  ana lys i s  w i l l  be i l l u s t r a t e d  
by appl ica t ion  t o  t h e  Koppers-Totsek gas i f i ca t ion  system, i l l u s t r a t e d  i n  Fiqure 
3 and i n  Table 1; the t a b u l a r  da ta  a r e  taken d i r e c t l y ,  ca lcu la ted  o r  estimated 
from Farnsworth e t  a1 (8, 9 ) .  

balance says  t h a t  the rate a t  which a v a i l a b i l i t y  en te r s  equals t h a t  a t  which it 
leaves p lus  the  rate of consumption 

Consider t he  combination of c o a l  prepara t ion  and q a s i f i e r  un i t s .  An a v a i l a b i l i t y  

62 ' 1  

A + A  + A  + A  + A  + A 8 + A 2 5 + A 2 6 = A 1 0 + A  + A  + A C  
1 2 3 6 7  4 9  

The only usefu l  product i s  AlO, t he re fo re  the  e f fec t iveness  of t h i s  system is 

A 1 O  
E =  

A1 + A3 + Ab + A7 + A25 + A26 

where the  combustion a i r ,  f r e e  from the environment, has zero  a v a i l a b i l i t y  (A2 = 0) 

and the water, f r e e  except f o r  pu r i f i ca t ion ,  has very l i t t l e  ( A  % O j .  The d i f fe rence  

between the  numerator and denominator cons i s t s  o f  AC, t h e  a v a i l a b i l i t y  consumed 

t o  d r ive  the  processes,  p lus  A4 + A9 which a re  w a s t e  l o s ses  t o  the  environment. 

1. The a v a i l a b i l i t y  t r ans fe r r ed  p e r  mle flowing is  

8 

The gas leav inq  a t  10  i s  an i d e a l  qas mixture with composition shown i n  Tahle 

The evaluation of these  q u a n t i t i e s ,  by standard thermosta t ic  property ca lcu la t ions ,  
a r e  shown i n  the  Appendix, along with a handy t abu la t ion  o f  formulas f o r  evaluating 
the  terms f o r  each cons t i t uen t .  The r e s u l t s ,  f o r  t h e  flow streams r e fe r r ed  t o  
above, give 

k k J  k J  
= mlOa10 = 1.8247 kg 2oal 12387 - = 22602 - kg kg coa l  

A3 = 1582 kJ kg c o a l  

k J  A7 = 39.25 -. 
kg coa l '  

k J  A = 123.8 - 
6 kg coa l  

kJ  kca l  4.184 - = 1 - = 1.8  kq kq lb 

The e l e c t r i c a l  t r anspor t  rates are given d i r e c t l y  by t h e  estimated values of 

k J  A25 = 15.2 - kg c o a l  k J  A26 = 73.6 - kg coa l  

The a v a i l a b i l i t y  o f  t h e  coa l  described i n  Table 1 tu rns  out  t o  be 

1 1  

' I  

' I  

B t u  a = 11710 - 
coal l b  coa l  i l  
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Subs t i tu t ion  of a l l  these  quan t i t i e s  i n t o  the  expression y i e l d s  

€]system 1 29052 - o’78 
22602 =- -  

The combination of consumption and lo s ses  is equal t o  the  sum of 
minus the  output of product: 

= A + A4 + A8 = 29054 - 22602 = 6453 Ac + AlosseJ sys t em 1 c 

the inpu t s  

kJ  
kg coal  

This cons i s t s  pr imar i ly  of a v a i l a b i l i t y  consumption, f o r  dr iv ing  the  processes.  
The l o s s  with f lue  gases and ho t  s l a g  a re  

kJ  A9lhOt I 580 - 
kg coa l  

kJ  
A4 = 104.2 - 

kg coa l  

This leaves,  f o r  t h e  t o t a l  consumption by processes wi th in  the  system, 

kJ 
Ac = 5769 ___ kg coal 

If t h e  hot  s l a g  is merely quenched, e s s e n t i a l l y  t o  atmospheric temperature, and 
no use i s  made o f  Ag ,  then the  580 kJ/(kg coa l )  is consumed by t h e  quenching process.  

un i t ,  steam-generation u n i t ,  and clean-up un i t .  It was found t h a t  
A similar ana lys i s  has  been made on the  comhination of oxvqen-production 

kJ 
= 2452 - Aclsystem 2 kg coa l  

with lo s ses  of 

k J  
A14 = 69.9 - kq coa l  

k J  
A16 = 899.6 - kg coa l  

and outputs o f  

Btu - 7522 ~ l b  coa l  kJ - 4179 - - A17 = 17485 - - 

k J  

kca l  
kg coa l  kq coa l  

kJ 
A18 = 715 - kg coa l  

k J  
A6 = 123.8 ___ kq coa l  

A = 1582 - 3 kg coal  

k J  
kq coa l  A7 = 39.25 - 

Thus, t he  e f fec t iveness  with which system 2 would opera te ,  with t h e  supposed da ta  
employed here ,  is - .  

Aout E Aout 19945 = - =  
‘system 2  EA^^ EAOut + EAloss + Ac - 19945 + 970 + 2452 = 

The power p l a n t  i l l u s t r a t e d  i n  Figure 3 i s  taken  t o  be a conventional power 
p l a n t ,  with the  exception t h a t  it u t i l i z e s  the  export  steam, stream 18 from hea t  
recovery. (Of course, t h a t  steam could he used f o r  a va r i e ty  of a l t e r n a t e  purposes, 
i n s t ead . )  A s  shown by Gagqioli e t  a 1  (1975), the e f fec t iveness  wi th  which the  
power p l an t  uses A17 i s  E % 0.4, w h i l e  it uses AIB with E 

t o t a l  e l e c t r i c i t y  production by t he  power p l a n t  is 

0.8. Therefore, the 

kJ  Aelec = 0.4 A17 + 0.8  A18 = 7566 - kg coa l  

The n e t  e l e c t r i c i t y  production by the  whole system, A27, i s  t h i s  7566 kJ/(ka coa l )  
less t h a t  used in-p lan t :  

k J  
A27 = 7566 - 132 - 3 - 9 - 15 - 74 = 7333 - kg coal  



The o v e r a l l  system ef fec t iveness  is 

= A /A = 0.27 'overall 27  1 

compared t o  E 'v 0.39 for  a p o w e r  p l a n t  burning r e l a t i v e l y  low-sulfur coa l  (Gaggioli 
e t  a l ,  1975).  

The e f fec t iveness  of t h e  o v e r a l l  g a s i f i c a t i o n  system per se is h e s t  gauged by 
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/E = 0.68 
'gasif icat ion = E o v e r a l l  power p l a n t  

The foregoing a n a l y s i s  of t h e  conversion of coa l  t o  e l e c t r i c i t y  only breaks 
t h e  o v e r a l l  system down i n t o  three  major p a r t s .  By the same methods, each of these 
p a r t s  can be broken down f u r t h e r  to  determine t h e  consumptions ( a n d  l o s s e s )  
associated (i) with each o f  its components, and i n  turn  (ii) w i t h  each process i n  
a component. Figure 4 presents  such resul ts .  The r e s u l t s  f o r  the  power p lan t  are 
discussed and presented i n  more d e t a i l  by Gagqioli e t  a 1  (1975); i n  t h e  appendix 
t o  t h a t  paper, t h e  d e t a i l s  o f  the  a v a i l a b i l i t y  ca lcu la t ions  a r e  presented f o r  a 
v a r i e t y  of  devices and processes .  

Conclusions 

What kinds of conclusions can be drawn from the r e s u l t s  presented here? Some 
conclusions can be drawn dea l ing  with K-T g a s i f i c a t i o n  p e r  se, and some i n  
conjunction with t h e  power p lan t .  For examples, where i n  the g a s i f i c a t i o n  system 
a r e  there  s i g n i f i c a n t  prospects  f o r  improvement, i f  anywhere? H o w  might improvements 
be accomplished? A l s o ,  comparisons between the  K-T and other  g a s i f i c a t i o n  systems 
can be made more o b j e c t i v e l y ,  a s  w e l l  a s  t h e  comparison o f  the  r e l a t i v e  d e s i r a b i l i t y  
of high-Btu g a s i f i c a t i o n  versus  l o w -  o r  medium-Btu. 

Consider f i r s t  the K-T g a s i f i c a t i o n  system, i t s e l f .  I t  i s  evident  from t h e  
r e s u l t s  summarized i n  Figure 4 t h a t  the  l a r g e s t  d i ss ipa t ions  a r e  i n  the  g a s i f i e r ,  
due espec ia l ly  t o  t h e  uncontrol led k i n e t i c s  of reac t ion .  
i ts burning of c lean  product gas, i s  highly consumptive. There a re  f a i r l y  s izeable  
consumptions i n  the  hea t  t r a n s f e r  from hot  products ,  a t  a high c1 - (TO/T)I  t o  
jacke t  steam with a r e l a t i v e l y  low E 1  - (T /T)], and losses  i n  t h e  s l a g  from t h e  

g a s i f i e r  and i n  the  s u l f u r  from cleanup, a s  w e l l  as severa l  o t h e r  consumutions of 
the  same order  of  magnitude. 

Of course, no cos t  e f f e c t i v e  oppor tuni t ies  t o  reduce any consumption or loss 
should be overlooked. However, t h e  f i r s t  p lace  t o  look, for s t r i v i n g  to  improve 
t h e  system, i s  i n  t h e  p l a c e s  where the r e l a t i v e l y  la rqe  consumptions (and losses)  
occur. That is probably where t h e  b e t t e r  oppor tuni t ies  are .  For  the  case a t  hand, 
can the  chemical reac t ions  be accomplished with less d iss ipa t ion?*  
avoided i n  some cases  such as i n  drying? In t h e  
end, of  course, t h e  a d d i t i o n  of o ther  or  l a r a e r  equipment for  accomplishing such 
improvements must be cos t  e f f e c t i v e .  
improvements l i k e  these;  the d iss ipa t ions  might be inherent  t o  t h e  b a s i c  processes 
of the  K-T system. 
then the  analysis  may be sayinq t o  look toward a l t e r n a t i v e  types of sys t ems ,  f o r  
g a s i f i c a t i o n  and/or f o r  c lean  production o f  power from coal .  
analyses  of  the a l t e r n a t i v e s  would be very worthwhile.) 

The drving process, with 

0 

Can they be 
Can h e a t  t r a n s f e r  be improved? 

I t  miqht be t h a t  there  i s  no hope f o r  

I f  so--although t h e  authors  would n o t  jump to  t h a t  conclusion-- 

(And a v a i l a b i l i t y  

. Some addi t iona l  remarks regarding the g a s i f i e r  may be he lpfu l  t o  t h e  comprehen- 

*I f  methods could be found f o r  economically reducinq the d iss ipa t ions  assoc ia ted  
with 
combustion--the l a r q e s t  s i n g l e  a i s s i p a t i o n  i n  t h e  o v e r a l l  power system. 

react ions on t h e  g a s i f i e r ,  t h e  same methods might be appl icable  to  the b o i l e r  

I 

' I  

I 
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s ion  of the po ten t i a l  energy ( a v a i l a b i l i t y )  concept and i ts  usefulness.  
following, what may appear t o  be c r i t i c i sms  of Farnsworth e t  a1 (8,  9 )  a r e  n o t  
intended t o  be t h a t  a t  a l l .  The references t o  t h a t  a r t i c l e  a r e  inc iden ta l ;  numerous 
o the r s  could be used a l t e rna t ive ly ,  though not a s  conveniently. The i n t e n t  is 
no t  c r i t i c i sm,  bu t  t he  b e t t e r  apprec ia t ion  of t h e  importance of a v a i l a b i l i t y  
analyses.  1 Farnsworth e t  a1  claim that the  o v e r a l l  "thermal e f f ic iency"  o f  system 
1, bas i ca l ly  the  g a s i f i e r ,  i s  85 t o  90 per  cent--that i s ,  the  "useable hea t  ou tpu t  
i n  gas and steam divided by the  t o t a l  hea t . i npu t  t o  t h e  gas i f i e r "  i s  85 t o  90 p e r  
cent.  To c i t e  such efficiencies--energy r a t io s - - i s  misleading. The " u s e f u l  
energy" o f  t he  steam, i t s  po ten t i a l  energy, is much less than i t s  energy, hence 
energy e f f i c i enc ie s  a r e  generally misleadinq. The proper measure of how wel l  t h e  
g a s i f i e r  performs its function is the  78 p e r  cent  e f fec t iveness .  Farnsworth e t  
a 1  could argue t h a t  they cover this po in t  when they say, "The cold gas e f f i c i ency ,  
t h a t  i s ,  the  r a t i o  of t he  c a l o r i f i c  value of t h e  oas to  t h e  c a l o r i f i c  value o f  
t h e  coa l ,  is i n  the  range of 75 t o  77 per  cent." I n  a sense, t h a t  statement does 
cover the poin t .  However, (i) it is fo r tu i tous ,  inasmuch as t h e  a v a i l a b i l i t y  and 
energy of t he  coa l  a r e  c lose  i n  value,  a t  To, po, and so a r e  those o f  t he  product 
gas. As mentioned e a r l i e r ,  only in  such ins tances  i s  an "energy e f f i c i ency"  a 
worthy approximation o f  the  t r u e  e f f ic iency;  e f fec t iveness .  (For example, t h e  t r u e  
e f f i c i ency  of a comfort hea t ing  furnace i s  less than 15 pe r  cent ,  even i f  i ts  
"anergy ef f ic iency"  w e r e  80 pe r  cent.)  Secondly, (ii) even though today t h e  
predominant use of gas and coa l  i s  t o  produce hea t  v i a  combustion, i t  is misleading 
t o  imply t h a t  t he  value of these  commodities l i e  i n  t h e i r  " c a l o r i f i c  value". The 
value i s  in  the  a v a i l a b i l i t y  (po ten t i a l  energy).  For example i f  a t  some t i m e  i n  
the fu tu re  gas were to  be  used, predominantly, f o r  the d i r e c t  production of 
e l e c t r i c i t y ,  say w i t h  c e l l s ,  then it would be evident  t h a t  the  value of t h e  gas 
is not i t s  c a l o r i f i c  value bu t  i t s  availabil i ty--which represents  t h e  maximum 
amount o f  usefu l  e l e c t r i c i t y  which could be qot ten  from t h e  gas, under i d e a l  condi- 
t ions .  I f ,  i n  tu rn ,  t h a t  e l e c t r i c i t y  were used t o  d r ive  a hea t  pump, t h e  amount 
o f  hea t  de l iverable  is d ic t a t ed  by t h e  a v a i l a b i l i t y  of the  o r i q i n a l  gas. 
whatever t r a n s i t i o n s  might occur between t h e  gas and t h e  hea t  u l t imate ly  de l ivered ,  
t h e  a v a i l a b i l i t y  of t h e  hea t  cannot exceed t h e  a v a i l a b i l i t y  of the gas, from 
which it is der ived;  the maximum amount of h e a t  that could be obtained is 
Q = A / C 1  - (TO/T) 1, where T i s  t h e  temperature a t  which t h e  hea t  is  de l ivered .  

I f  T = 90°F = 550°R, a typ ica l  value f o r  home hea t ino ,  and i f  outdoor temperature 
T 

today ' s  technology, E = 0.35, would y i e l d  Q = 1.93 A = (1.93) ( c a l o r i f i c  va lue ) .  

I n  f a c t ,  even with today ' s  t yp ica l  p o w e r  p l a n t  with E = 0.35, g = 1.35 A ' The 

poin t ,  here,  is  no t  to  argue i n  favor of hea t  pumps; they have many shortcomings 
not  mentioned he re ,  e spec ia l ly  as To drops. 

energy, n o t  energy o r  " c a l o r i f i c  value" which measures a commodity's usefu lness  
f o r  e f f e c t i n g  changes. 

Ava i l ab i l i t y  analyses l i k e  those presented  here  can he  appl ied  gross ly ,  t o  
o v e r a l l  s ec to r s  of t h e  economy such as t h e  i n d u s t r i a l ,  t he  r e s i d e n t i a l  and commerical, 
and the  t ranspor ta t ion  sec to r s  t o  assess  oppor tuni t ies  fo r  improvement. These 
s e c t o r s  can be analyzed i n  more d e t a i l  by applying the  analyses to sub-sectors,  
such as i r o n  and s t e e l ,  petroleum re f in ing ,  aluminum and o the r  i n d u s t r i a l  sub-sectors. 
I n  tu rn ,  each sub-sector can be analyzed i n  more d e t a i l  by considerinq t h e i r  d i f f e ren t  
conversion systems, and so on. 

A l l  of  t h i s  should be done, to  determine where t h e  po ten t i a l  f o r  improvement 
lies. This work has begun (Reistad,  1974; Gyftopoulos e t  al, 1975; Hal l ,  1975); 
see T a b l e  111 f o r  a summary o f  t yp ica l  r e s u l t s .  
The 10 to  15 per cent e f fec t iveness  with which energv i s  u t i l i z e d  i n  this country,  
though improved g rea t ly  over t h e  2 or so p e r  cent  o f  a century ago, i s  very low; 
b a s i c a l l y ,  t h i s  i s  encouraginq inasmuch as it shows t h a t  t he re  i s  g r e a t  opportunity 

[In the 

That is, 

= 4OoF = 500°R, then a c e l l  with E = 0.5 i n  conjuction with a h e a t  pump o f  0 

gas 

gas' 

The po in t  i s  t h a t  it is p o t e n t i a l  

The followinq po in t s  a r e  noteworthy: 

? 

\ 



f o r  improvement remaining. Conservation ( i n  conversion, n o t  i n  end-use) can 
cont r ibu te  e f f e c t i v e l y  t o  t h e  reso lu t ion  of the  energy problem--even over the  
r e l a t i v e l y  s h o r t  term, with today 's  technology--provided of  c o w s e  t h a t  c a p i t a l  
i s  brought t o  bear .  

Another important po in t  which can be concluded from Fiqure 4 and Table I11 
is  t h a t  the product ion of e l e c t r i c i t y  is one of our most e f f i c i e n t  enerqy conver- 
s ions.  The g r e a t  l o s s e s  commonly ascr ibed . to  t h e  s tack gases and cooling water 
are  hardly l o s s e s  a t  a l l ;  t h e  ac tua l  losses  a r e  elsewhere i n  t h e  p lan t ,  and as  a 
f rac t ion  of i n p u t  a r e  small  compared t o  most conversion systems. Furnaces and a l l -  
f o s s i l  t o t a l  energy systems, considered t o  be very e f f i c i e n t ,  a r e  very i n e f f i c i e n t  
o r  f a i r l y  e f f i c i e n t ,  respec t ive ly .  For example, these comments have considerable  
negative impact on t h e  d e s i r a b i l i t y  of  high-Btu coa l  g a s i f i c a t i o n  and of the  
"Hydroqen Economy" f o r  the  purpose of  d i s t r i b u t i n g  these  synthe t ic  fue ls  about 
for  combustion i n  furnaces  and b o i l e r s .  
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The foregoing methods f o r  analyzing "energy" systems a r e  aimed a t  pinpoint in% 
the losses and measuring t h e i r  magnitudes and r e s u l t a n t  p e r  cent  i n e f f i c i e n c i e s ,  
i n  order  to  determine where oppor tuni t ies  f o r  improvement and conservation l i e ,  
f o r  t h e  purposes of decision-makinq f o r  a l l o c a t i o n  of  resources-- c a p i t a l ,  R6D 
e f f o r t ,  and so on. The methods, which involve exac t ly  the same kinds of  ca lcu la t ions  
as energy analyses ,  a l s o  enhance the germination of prospect ive ideas  and the quick 
evaluat ion thereof .  

Avai lab i l i ty  analyses  a r e  valuable  n o t  only f o r  pinpoint inq losses  b u t  a l s o  
f o r  d i r e c t  appl ica t ion  t o  t h e  design of energy systems and for  o t h e r  engineerin? 
p r o j e c t s  (system modif icat ions,  maintenance, e t c . ) ,  a s  w e l l  a s  f o r  cost a l loca t ion .  
The key t o  these  a p p l i c a t i o n s ,  i n  t h e i r  infancy.(5,  6, 7, 10, 11, 18, 19, 23) i s  
t h a t  monetary value can be assigned t o  the  a v a i l a b i l i t y  a t  the d i f f e r e n t  junctures  
between components of a system, where a v a i l a b i l i t y  flows from one component i n t o  
another ,  for  which it i s  the  "fuel" .  Because it is a v a i l a b i l i t y ,  not energy, 
which "fuels"  each device i n  a system, the only r a t i o n a l  way of  ass igning m n e t a r y  
value (cost)  t o  the "fue l"  f o r  each device or process  i s  t o  ass iqn the  value to  
a v a i l a b i l i t y .  Then f o r  each component a r a t i o n a l  comparison of f u e l  c o s t  with 
o ther  operat ing and c a p i t a l  c o s t s  can be made, f o r  making the economically optimal 
se lec t ion .  

APPENDIX 

Details of  Thermostatic Property Calculat ions 
and 

Tabulation of Convenient Formulas 

Consider the a v a i l a b i l i t y  t ranspor ted  p e r  mole of a flowing gaseous mixture: 

a = h - T s - 1x.p 
0 3 j0 

where p ,  is t h e  chemical p o t e n t i a l  o f  spec ies  j i n  the reference environment. 

I f  t h e  mixture behaves i d e a l l y ,  
IO 

+ l x . [ h . ( T  , x . p  ) - T s . ( T  ,X.p ) - u j o l  
3 3 0  3 0  0 3  0 3 0  

where h .  and sj are t h e  p a r t i a l  m o l a r  enthalpy and entropy of spec ies  j. Then 
3 



, 
5 

'\ 
i t 

\ 

TO T 
amix(T,p) = 1 x . C ~  . - - c .ldT - RTo In  E 

Po 3 PI T PI 
TO 

+ lx . [h . (To)  - TOSj(To,XjpO) - !Jjol 
3 3  

And w e  may wr i te  

1 amix(T,p) = l x j a j  '= lxjCaj, thermal + a j  ,pressure -+ a j  ,chemical 

where 
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a .  h . (To)  - T s . ( T o r  x .p  ) - !J 
3,c 7 0 1  I 0 j o  

If spec ies  j ac tua l ly  e x i s t s  as a pure condensed phase i n  t he  s t a b l e  re ference  
environment, then p .  

environment, u .  
simply equals g . (To ,  po) .  I f  j e x i s t s  a s  a gas i n  the  reference 

70 7 
= h , (To)  - T s . ( T o ,  xjopo),  and 

70 7 0 1  

a .  = -T C S . ( T ~ ,  x . p  ) - s . ( T ~ ,  xjop0)l  = RT I n ( x . / x .  ) 
It-= 0 3 7 0  -J 0 7 IO 

a .  must be determined by r eac t ing  j with environmental cons t i tuents  t o  produce 

o the r  environmental cons t i t uen t s  - i n  o the r  words, by br inging  j t o  stable equilibrium 
with the  environment v i a  reac t ions  with environmental cons t i tuents .  It is the  
chemical po ten t i a l s  o f  these  products,  weighted s to ich iometr ica l ly ,  which (rives 
!.Ijo. Consider CO, f o r  example. 

with O2 from the  atmosphere to produce stable C02.  

I f  spec ies  j does not  ex is t  i n  t he  stable equilibrium reference  environment, 

3.C 

It is  not  s t a h l e  i n  the atmosphere, bu t  can r e a c t  

Then 

= gco(To, X ~ I ? ~ )  + $ v0 (To, x 02,0po) - !JC02(To'XCOZ,oPO) 

1 
aCO,c = 9co(TotX&O) + 5 ~ 0 2 ( ~ o ~ X o z , g P o )  - qc0 2(To'xcoz,opo) 

The evaluation of the  q u a n t i t i e s  on the  right-hand s ide  may be accomplished a s  
follows, employing Gibbs free energy of formation and dql, = v dp. 

qc0 (To r XcOpo) = gco (To ,Po ) + Cg,, (To, xcOp0) - gco (To, PO ) I 

COP0 Since CO behaves as  an i d e a l  gas a t  To, between p = x 

is moderate 

equation gives 

p and po, as  lonq as x c o n  
Ag = ] dg = ] vdp = 1 cRT/pldp = R T l n ( ~ ~ $ ~ / p ~ ) .  Thus, t he  foregoing 

gm(TonXC$O)= q C O ( T O , ~ o )  + RT l n ( x d O / p o )  

Similar analyses f o r  the  O2 and (30 y i e l d  2 

gC02(TOt~C02PO) = 9 

go2(TO~X02,,PO) = go (TO,p0) + RT In(xo  , o ~ o / ~ o )  

(To,po) + RT ln(xCO , o ~ o / p o )  
c02 2 

2 2 
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I 

With these  th ree  expressions,  t he  las t  equation f o r  a f o r  t he  case where 

T 
CO,C' 1 

= To and p = po = po,  can be rewr i t ten  as 0 

The f i r s t  combination o f  terms, which can b e  evaluated with standard tabular  values , 
of Gibbs f r ee  energy o f  formation, can be c a l l e d  the  r eac t ive  a v a i l a b i l i t y  of the  
0, while the  second, logar i thmic  term can be  c a l l e d  compositional a v a i l a b i l i t y .  

Consider another case of a spec ie s  j, t h i s  t i m e  f o r  a case where one o r  more 
o f  t he  completely s t a b l e  products o f  reac t ion  e x i s t s  a s  a pure condensed phase I 

and/or one o r  more of t h e  environmental cons t i t uen t s  with which j reacts i n  order 
t o  reach complete s t a b i l i t y  is  a pure condensed phase. As an example, suppose j 
i s  COS. It is  assumed t h a t  t h e  s t a b l e  configuration o f  S i n  the  reference environ- 
ment is i n  gypsum, CaSO - 2 H  0 ;  t he  reason f o r  t h i s  assumption w i l l  be  explained 

below. 'h get  the  S i n t o  t h i s  compound r equ i r e s  a source of Ca from the  reference 
environment - a " f ree"  source.  Thus, t h e  

r eac t ion  for br inging  the  COS t o  complete, s t a b l e  equilibrium w i t h  t he  reference 
environment, employing cons t i t uen t s  from the  environment alone, i s  

4 2  

That is taken t o  be limestone, CaC03. 

COS + 20 + CaCO + 2 H  0 + 2C02 + CaS04'2H20 2 3 2  

I t  i s  impl i c i t  t o  t h e  foregoing t h a t  t h e  p o t e n t i a l  f o r  d r iv ing  this reac t ion  
r e s ides  i n  t h e  COS - that amonq the reac t an t s  and Droducts only the COS i s  not  i n  
s t a b l e  equilibrium with t h e  re ference  environment. The n e t  po ten t i a l  enerqy output 
from t h i s  reaction, under i d e a l  conditions,  i s  thus a t t r i b u t e d  t o  t h e  COS and 
represents  i t s  chapical a v a i l a b i l i t y :  

I 

+ 2gH20(TOrPO) - 2gco 2(TO'XC02,0PO) - gCaS04.2H20(TO'PO) 

Then, with manipulations l i k e  those used above f o r  the CO, 

+ 290 + + 29"fH 0 29"fC02 - %,CaS04.2H 0 1 
3 2 2 aCOS, c = [g;, cos f , o2 g"f CaCO 

Why were s o l i d  CaSO4*2H 0 and s o l i d  CaCO assumed t o  be cons t i t uen t s  of t he  
2 3 

s t a b l e  re ference  environment? 
f ind  "the" stable conf igura t ion  f o r  S i n  our environment. I t  is not S i t s e l f ,  
because S could r eac t  with O2 from the  environment to produce SO2 and y i e l d  a ne t  

p o t e n t i a l  energy ( a v a i l a b i l i t y )  ou tput ,  s ince  AG fo r  the  r eac t ion  is neqative.  
i n  r e l a t ion  

t o  a v a i l a b i l i t y ,  see  Hatsopoulos and Keenan, 1965). Rut ne i the r  i s  the  S O  s t ab le ;  

it c a n  combine with 0 

These assumptions were provoked by t h e  need t o  

(For an exhaustive t rea tment  of  equilibrium and s t a b i l i t y  conditions,  I 

2 
t o  produce SO3. In t u r n  the  S O  can r e a c t  with environmental 2 3 

H 2 0 t o  produce H2S04, which obviously has s i o n i f i c a n t  p o t e n t i a l  t o  cause chanqe-- E 
a v a i l a b i l i t y .  What next? Pur su i t  o f  t h i s  question l ed ,  a f t e r  extensive de l ibera t ion  
and s tudy ,  including a search  throuqh t ab le s  o f  Gibbs f r e e  enerqies o f  formation 
( g f ' S ) ,  t o  the  conclusion t h a t  CaS04-2H 0 w a s  very near ly  s t a b l e  if not "the" s t ab le  

cowound containing S.  I n  tu rn ,  unfor tuna te ly ,  t he re  was a need f o r  a s t a b l e  com- 
2 

pound of Ca, t o  r eac t  wi th  S, t o  b r inq  the S t o  s t a b i l i t y ;  t h e  search f o r  t h i s ' l e d  I 
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t o  Cam3. 
because reac t ions  o f  s and S compounds of i n t e r e s t ,  with Cam and o the r  environ- 

mental cons t i t uen t s  such as 0 and H 0,  to  produce s t a b l e  compounds, y i e l d  only 

CaS04.2H20 and C02. A fea ture  o f  t he  CaSO *2H20 and CaCO which is c r i t i c a l  to 

t h e i r  s e l ec t ion  as stable compounds is t h e i r  abundance i n  our environment. 

property ca lcu la t ions  t o  eva lua te  the  a v a i l a b i l i t y  of flow streams. I t  should be 
mentioned t h a t  any k i n e t i c  energy o r  g rav i t a t iona l  p o t e n t i a l  enerqy assoc ia ted  with 
flowing f l u i d s  has been neglected throuqhout; when these  a r e  not  neg l iq ib l e  it is  
simply a matter of adding them: 

for evalua t ing  a j , t  and a 

of gas i f i ca t ion  systems. In  pa r t i cu la r ,  formulas a r e  qiven f o r  each o f  t he  cons t i -  
tuents  o f  Table I. 

Formulas f o r  Chemical Ava i l ab i l i t y ,  a 

Thankfully, t h i s  d i d  n o t  introduce the  need f o r  y e t  another  compound, 

3 

2 2 

4 3 

The l a t t e r  completes the  presenta t ion  of t he  theory f o r  making thermosta t ic  

PA = [h - T s + Mv2/2 + mqZ - Cx.U 31,. 
0 7 Oj 

Following is  a l ist  of convenient formulas, deduced from t h e  above developments, 
o f  many of t h e  cons t i t uen t s  which a re  i n  qas streams 

j r c  

j , c  

aCO = 0.59248 In  xco + 65.788 kcal/g mole 

a = 0.59248 In  xm + 4.8060 

a = 0.59248 In xcH + 198.46 
m2 2 

CH4 4 

2O 
= 0.59248 In  5 + 2.0717 

a = 0.59248 In + 0.16518 
N.. 

a = 0.59248 In  5 + 189.94 
H2S 2s 

aCOS = 0.59248 In xcos + 200.61 

a = 0.59248 In xo + 0.94328 

as = 139.54 
O2 2 

Formulas f o r  Thermal Avai lab i l i ty  

T kcal  In - - 
To g mole 

where A B C D 

CO 6,726 -4001 1.283 -.5307 

C02 5.316 14.285 -8.362 1.784 

CH4 
4.750 12.0 3.03 -2.63 

H2 6.952 -.4576 0.9563 -.2079 



A B C D 

H 2 0  7.700 0.4594 2.521 -.a587 

N2 6.524 1.448 -.2271 0. 

H2S 7.070 3.128 1.364 -.7867 

COS 5.626 16.573 -10.868 2.499 

O2 6.058 3.631 -1.709 .3133 

- A i r  Cons t i tuents  >!ole Fraction 

0.7567 N2 

For Pressure A v a i l a b i l i t y  

- Condensed phases, a t  To,po 
. _ _ _  - - _ _ _  

H20 

'stream kcal  
a = 0.59248 In  - c- 
P p0 s mole 

0.2035 

0.0303 

A 0.0091 

0.0003 

0.0001 

O2 

H2° 

c02 

H2 

Nomenclature 

i = a v a i l a b i l i t y  per  u n i t  t i m e  
A = a v a i l a b i l i t y  flow per  u n i t  of 

a = a v a i l a b i l i t y  ( p o t e n t i a l  energy) 

E = energy 
G = Gibbs f r e e  energy 
g = G per mole (or per  u n i t  mass) 
h = enthalpy p e r  mole (o r  per  u n i t  mass) 
I = curren t  (commodity pe r  u n i t  t i m e )  
m = mass flow p e r  u n i t  of coal fed  t o  

P = power 
p = pressure 
Q = heat(enerqy) 
q = change 
R = universal  gas cons tan t  
S = entropy 
s = entropy pe r  mole (o r  pe r  u n i t  mass) 
T = temperature 
V = volume 
v = volume p e r  mole (o r  per  u n i t  mass) 
v = veloc i ty  
X = mole f r ac t ion  
2 = a l t i t u d e  

coa l  fed t o  system 

per un i t  m a s s  or pe r  mole 

sys  t e m  

Greek Symbols 

E, e f fec t iveness  
0 ,  thermal 
11, chemical p o t e n t i a l  
a, sur face  
9, e l e c t r i c  oo ten t i a l  

Subscr ip ts  and supe r sc r ip t s  

c, consumption 
c ,  chemical 
f ,  formation 
j ,  j t h  cons t i tuent  
1, l o s s  
n, molar 
p, production 
0, reference environment 
', s tandard  s t a t e  
* ,  time r a t e  of channe 
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Table I 



Stream No. 
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Tab le  I I .  E l e c t r i c a l  A v a i l a b i l i t y  Flows 

Use 
A v a i l a b i l i t y  
kJ/kg o f  coa l  

22 Gas Cleanup I32 
23 H e a t  Recovery 3 
24 A i r  Separa t i on  9 
25 Gas I f i c a t  i o n  15 
26 Coal P r e p a r a t i o n  74 
27 Ne t  E l e c t r i c a l  Ou tpu t  7333 

Tab le  I l l .  E f f e c t i v e n e s s  of Economic Sec to rs  
and of Some I n d u s t r i a l  Sub-sectors 

(approximate, average va lues )  

Economic Sectors  (Reis tad,  1974): 

-P roduc t i on  o f  E l e c t r i c i t y  
(consumes 20% o f  na t i ona  I 
energy resources )  

-Res i d e n t i  a I and Commer i c a l  , 
D i r e c t  Consumption (15%) 

- I n d u s t r i a l ,  D i r e c t  (35% 
-? ranspor ta t i on ,  D i r e c t  (30% 

E = 30% 

E = 10% 

E = 15% 
E = 10% 

I n d u s t r i a l  Sub-sectors (Gy f topou los  e t  a l ,  1975): 

- I r o n  & Steel  (15% of E = 21% 

-Petroleurn r e f i n i n g  ( 1 1 % )  E = 90% 

-Aluminum (3%)  E = 35% 

i n d u s t r i a l  consumption) 

-Pulp 8 Paper ( 5 % )  E = 10% - rough e s t i m a t e  

-Cement, Copper, Rubber, P l a s t i c s ,  Glass s t u d i e s  a r e  i n  process; 
d e t a i l e d  s tudy  has  been done f o r  i r o n  8 s t e e l ,  process by 
process; to  some degree f o r  r e f i n i n g ,  p u l p  R paper, aluminum 

’ ( H a l l ,  1975). 

Conversion Systems & Devices 

-Tota I-Energy 
-AI I - e l e c t r i c  E = 30% 
-A I I - f o s s i  1 E = 30% 

-Fossi I - f i r e d  power p l a n t  E = 35% 
-Combustion Engines ( f u l l - l o a d )  E = 35% 

-Furnaces E = 10% 

- e l e c t r i c i t y  t o  hea t  E = 35% 
-ove ra l  I (e.g., coal t o  h e a t )  E = lox 
- e l e c t r i c i t y  t o  coo I i ng E = 5 t o  I O %  

- R e f  r i g e r a t i  on 
-Comfort C o n d i t i o n i n g  

-Heat Pump 

E = 40% 

I 
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WITH CHARGE,q P, = 0 Iq WHERE Iq CURRENT 

WITH INCOMPRESSIRLE VOLUFETR IC 
P, = p I, W E R E  I, = 

FLUID FLOW FLOW RATE 

WITH CHEMICAL COMPOUND,I P, = p i l i  WHERE l i  = M O U R  FLOW RATE 

WITH THERMAL CURRENT P, = T I, WHERE I, = T H E W L  CURREflT 

FIGURE 1, TRANSPORTATION OF ENERGY THROUGH A CONDUIT V I A  
FLOW OF A COMMODITY 

To 

FIGURE 2. TRANSFER ‘-IF POTENTIAL ENERGY 
FROM ONE COMMODITY (CHARGE) TO ANOTHER (WATER). 
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Boiler 
-20 Kinetics 
-10 Heat Transfer 
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Product P w e r  

21 units 
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Air Separation O2 0.5 Coal Preparation . 
Coal -5.8 Drying H20 0.15 -3.3 

, i s  Gasificaion * Heat Recovery 
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- 13. 6 Kinetics 

Cleanup -1.5 Heal Transfer ' 
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FICURE 4. AVAILABILITY FLOW DIAGRAM FOR GASIFICATION AND POWER PLANT. 

(Negative numbers represent availability consumptions. 
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A COMPARISON OF THE NET ENERGY PRODUCTION RATIOS O F  INTEGRATED 
SYSTEMS SUPPLYING NATURAL GAS,AND SNG FROM COAL, Donald L. Klass 

and William C. Chambers ,  Institute of Gas Technology, ,Chicago, Illinois 60616. 
A comparative net energy analysis  is presented f o r  an integrated sys tem supplying 
natural  gas, and a comparable  sys tem supplying substitute natural  gas  (SNG) f rom 
coal. 
inputs consumed by the integrated sys tem o r  diver ted to  other than salable natural  gas, 
f rom drilling through production, purification and extraction,and t ransmiss ion  and 
distribution, a r e  used to  determine the Net Energy Production Ratio (NEPR) for  the 
salable fuel reaching the consumer. 
coal, transporting and preparing the coal, coal  conversion to  SNG, and the  t r a n s -  
mission and distribution of SNG t o  the customer a r e  considered in deriving the NEPR 
for a n  integrated SNG-from-coal system. In each of these  systems,  salable by- 
products having an energy  value a r e  accounted for. 

F o r  natural gas, the externa l  energy inputs and the pr imary  energy source  

Similarly, the energy inputs consumed in  mining 
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ENERGY ANALYSIS OF COAL LIQUKLi'ACTION SYSTEMS 77 

D r .  Kenneth P. Haddox 

D r .  Richard L. Uain 
D r .  Robert K. aaldwin 

Colorado School of Mines Research I n s t i t u t e  

Colorado School of Mines 
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and 

Net energy analyses of three intngrated coal-l iquefaction 
systems have been performed. In  t h i s  paper the  following f ace t s  
of the analyses are discussed: methodology, l iquefact ion systems, 
energy balances, and energy r a t i o s .  

Methcdol oap 

Integrated fue l  systems can be divided general ly  in to  s teps .  
For the  purpose of t h i s  analysis  seven s teps ,  o r  modules, were 
chosen. The seven s teps  with examples are:  (1) Extraction- coal 
surface mining, (2) Transport I- haul t o  ra i l road ,  ( 3 )  Process- 
crushing, (4) Transport 11- r a i l  haul,  ( 5 )  Conversion I- coal 
l iquefact ion,  (6)  Conversion 11- e l e c t r i c a l  generation, and (7)  
Distribution- e l e c t r i c a l  transmission. Other examples follow t h e  
Same general format, thoggh they may req-i i re  minor adjustments of 
individual modules (e.@;. two-stage t ranspor t ) .  

An analys is  of a multi-step fue l  system na tu ra l ly  reduces t o  
the coubination of analyses of individual  modules. Consequently we 
s h a l l  next descr ibe the  analysis  of a s ingle  module. A diagram of 
a module of an integrated fue l  system, Fig. 1, displays t h e  lmpor- 
tant fea tures  of modular analysis .  The f i r s t  law of thermodynamics 
is observed--Ein=Eout. Also, energy derived from and used within 
the systen is  always In te rna l  t o  the module. These precautions 
avoid a problem associated with some energy anlyses ,  ambiguous 

construction of systen boundaries. 

Energy input Consists of two par t s ,  Pr incipal  Energy and Zx- 
t e rna l  Energy. Pr incipal  Energy i s  t he  primary energy input. 
External Energy is t h e  sum of fue l s  , e l e c t r i c i t y ,  and of the energy 
embodied in  mater ia ls  which a re  purchased o r  " inportedn from energy 
systems other than the  one being analyzed. 



Figure 1- t . Idular Analysis 

PRINCIPAL ENERGY Enernv 

EXTERNAL 
ENERGY 

Module "X" Energy Equivalent ENERGY 
of Byproducts PRODUCT 

rincipal Energy--Phys ica l  Loss 

ENERGY LOSS 
I '  

* Material9 include r a w  materia ls .  containers.  machinery. c o n a m a b l e  manufactured items 
(cata lyats ,  lubricants. chemicals .  procear, additives.  etc.  I ,  too!s. pipelines.  wiring. 
comtruction mater ia ls .  and road materiala (asphalt.  c e m m t .  tar .  a tee l .  e t c . )  
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The energy "backup" needed t o  de l ive r  External Energy m u s t  
be considered t o  f u l l y  account f o r  energy dra in  from other  energy 
systems, thus requir ing determination of the energy required t o  
support d i r e c t  inputs.  This is diagrammed as ascend1n.y higher-orders  
Of External Enercy. Two d i f f e ren t  methds  have been used t o  compute 
the higher-order energy inputs.  
input-output da t a  (Herendeen and Bullard 1974) were applied t o  
material  do l l a r  cos t s ,  a f t e r  appropriate def la t ion  t o  the base 
year of 1967. This method was considered the best  ava i lab le  f o r  
each material  input without employing tedious calculat ions.  
However, f o r  fue l s  and e l e c t r i c i t y  the a l t e rna t ive  of i t e r a t i o n  
combined with en;pirically derived approximations at  or above order 
th ree  was adopted. This a l t e rna t ive  is more precise ,  and f l ex ib l e ,  
than the appl icat ion of conversion f ac to r s  s i m i l a r  t o  those used 
f o r  mater ia l  energy equivalents. 

Conversion f ac to r s  developed from 

Energy Product and Energy Loss comprise Eout. Energy Product 
is defined as the  energy of the primary energy form produced by the  
module, plus  the energy of secondary forms produced f o r  outs ide 
d i s t r ibu t ion ,  plus  the  energy equivalent of sa lab le  byproducts. 
Energy Loss has been divided in to  three par t s .  Physical Loss is the  
sum of losses  of the  Principal  Energy input due t o  sp i l lage ,  leak- 
age, disposal  of waste mater ia ls ,  e tc .  In te rna l  Consumption i s  
the  energy required from Prlncipal  Energy t o  provide heat o r  power 
f o r  the process. The th i rd  l o s s  category i s  External Loss. iior- 
mally t h i s  is the  sum of the external  energy inputs.  I n  some cir-  
cumstances, however, an external  energy input w i l l  be incorporated 
In the mergy Product, e.g. addi t ives  t o  petroleum products; and 
then the External Loss w i l l  be l e s s  than the  External anergy input. 

Modules are combined simply by adjust ing the  Energy Product of 
one modules t o  equal the  Principal  Energy of the following module, 
and s o  on. This automatically requires  a corresponding change i n  
the  External Energy, t he  Energy Loss, and the Pr inc ipa l  Energy of 
the  f irst  module. Final ly ,  t o t a l s  f o r  an integrated fue l  system, 
a sequential  combination of seven modules, a re :  (1)Pr inc ipa l  Ener6y- 
the i n t i a l  Pr incipal  Energy input ,  (2)Zxternal  Energy--the sum of 
External Energy inputs  of each nornalized module, (3)Gnergy Loss-- 

t h e  sum of hherEy Loss outputs of each module, and (4)Energy 
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Product-- the final Energy Product output plus the sum of byproduct 
energies of each module. 

- Coal Liquefaction Systems Studied 

Three proposed coal liquefation facilities were examined in 
this study, for inclusion in a hypothetical integrated synfuels 
module string. Data on solvent refined coal, pyrolysis with char 
gasification and catalytic conversion of coal from engineering 
studies were utilized to perforin the net energy analysis. A brief 
technical description of each process is given below. 

Solvent refined coal (1,2,3,4,3,6) is a process by which coal 
is converted to a clean boiler fuel by mild hydrogenation in the 
presence of a solvent. 
a fuel oil and a heavy liquid or  solvent refined coal, which has 
a higher heating value of approximately 16,000 BTU/lb. Included 
in the system boundary for this proposed plant are an oxygen plant 
and filter cake gasification plant to produce process hydrogen, an 
electric generating power plant for process electricity, a coal 
preparation plant, and waste water ad gas cleanup facilities. 

Pyrolysis of coal (7,8,9) was a l s o  studied for net energy 
conversion. The process examined produced both pipeline quality 
natural gas and a synthetic crude oil, suitable for upgrading in a 
refinery. Coal is pyrolyzed in multistage fluid-bed reactors, 
resulting in gas, liquid, and so l id  (char) fractions. Char is 
utilized in a low-pressure gasification reactor t o  produce process 
hydrogen necessary for upgrading of the pyrolytic liquids. Battery 
limits of the plant Include an oxygen plant and a char gasification 
facility, a process plant for electric utility generation, and gas 
gas scrubbing and waste water cleanup subsystems. 

Products of this process are sulfur, naphtha 

The third system studied was catalytic coal conversion (10,11,12). 
This process produces both a high-quality synthetic crude oil and a 
high-BTU pipeline gas. The syncrude is suitable f o r  further refining 
to gasoline and other hydrocarbon products. A coal-solvent mixture 
is hydrogenated in an ebullating catalyst bed, forming caseous and 
liquid byproducts. The process, as entailed in the energy balance 
includes a coal gasification subsystern for generation of process 
hydroplen, a coal preparation plant, and gas scrubbing and waste 
water treatment facilities. 

1 

1 
I 

I 

I 
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Energy 2a t ios  

The subjects of net enrgy aiii of net-energy r a t i o s  have pro- 
voked more heat  l e s s  1ir;ht perhaps than any other feature  of 
the a rsa  of eliergy ana lys i s .  Several d i f f e r e n t  r a t i o s  have been 
advanced as the answers t o  questions of how well one encrzy systc'.: 
pe r fo rm r e l a t i v e  t o  another. Objections t o  energy r a t i o s  jenera l ly  
have centered around w d i f f e r e n t i a t e d  aggregations of d i f f e r e n t  
energy fornis -- e l e c t r i c i t y ,  petroleum, na tura l  gas, coal. I t  has  
been pointed out many t i n e s  t h a t  the value of energy i s  determined 
by many other f a c t o r s  than heat content. These arguments are soulicl, 
but t h e y  only show t h a t  ther  is no completely adequate standard of 
coxparison amone; energy systems. L'ith t h i s  qua l i f ica t ion  i n  mind, 
w e  def ine three d i f f e r e n t  n e t  energy r a t i o s  which address three  
d i f f e r e n t  questions of leg i t imate  concern t o  the  public and t h e i r  
decision-makers. 

The net-energy r a t i o  R1, f o r  an integrated energy system, is 
defined as the Energy Product divided by External Energy. The 
r a t i o  R1 addresses t h e  question, "How much energy is  required from 
other energy de l ivery  systems t o  support t h i s  energy system?I' 
The net-energy r a t i o  R2 i s  defined a s  Energy Froduct divided by 
Energy Loss. The r a t i o  FI2 addresses the  question of energy system 
process efficiency. 
Product divided by t h e  sum of Energy Loss and =t rac t ion  Loss. The 
r a t i o  R addresses t h e  question of how e f f i c i e n t l y  na tura l  resources 3 
are being used. 
the performance of an inte,grated energy fue l  system i f  care  i s  em- 
ployed in t h e i r  use. Two systems should be compared only i f  t h e i r  
end f u e l  products a r e  the same or, a l t e r n a t i v e l y ,  i f  t h e i r  f i n a l  
services  are  the  same. 

The net-energy r a t i o  R3 is defined as Energy 

These three  r a t i o s  can be he lpfu l  i n  determining 

With t h i s  qua l i f ica t ion  in mind, w e  determined the followinz 
net-energy r a t i o s  f o r  coal l iquefact ion plants  only. The r a t i o  2, 

J 

not apply s ince extract ion i s  not included. 

R1 R 2  
Solvent ref ined coal 128.21 1.65 
Pyrolysis 4'c. 97 t .40 
Catalytic hydrogenation 18.49 2.17 

does 
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These r e s u l t s  a r e  not d i r e c t l y  comparable, because the plant  
products a re  d i f f e ren t  in each case. However, general conclusions 
ccm be dram. $irst, coal l iquefact ion plants  produce n a y  ti!res 
8 s  cuch ener,yy a s  they require  from external  sources. Secorld, a 
plant which i s  more independent of external sources consequently 
y ie lds  a higher R1, but is not  necessar i ly  more process e f f i c i en t .  
Ane t h i r d ,  changes in process d e t a i l s  can la rge ly  a l t e r  ?et  e n e r g  
r a t i o s ,  e . ~ .  sus t i t u t ion  of imported power f o r  i n t e rna l ly  generated 
power i n  the Solvent ref ined coal process would lower R1 by an 
order of magnitude. 
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A COMPARATIVE NET ENERGY ANALYSIS 
OF FUEL OIL PRODUCTION FROM CRUDE OIL AND OIL SHALE 

Alton J.  Frabe t t i ,  Jr . ;  James D .  Westfield; Morton Gorden 

DEVELOPMENT SCIENCES INC., East Sandwich, Massachusetts 

Public Law 93-577 

As the  issues surrounding energy policy formation pro1 i f e ra t e ,  a t ten t ion  has been 
called t o  the concept of "net energy" as  noted i n  PL 93-577 (Federal Non-nuclear 
Energy Research and Development Act of 1974). The relevant section of t he  Act is  
as follows: 

"The potential for  production o f  net energy by the proposed technology a t  
the stage o f  comnercial application shall  be analyzed and considered in 
evaluating proposals." 

The concern f o r  net energy, basically the amount of energy t h a t  i t  takes t o  deliver 
energy i n  usable form, has been voiced because, a s  we r u n  sho r t  o f  petroleum and as 
we seek national self-sufficiency, the new technologies tha t  we employ to  ex t rac t  
and transform energy require an energy penalty themselves. Thus ,  as  we climb the  
curve of energy output, the  diminishing returns will  push US i n t o  a more and more 
r a p i d  r a t e  of resource depletion and cost penalty, perhaps forcing a re-evaluation 
nf consumer demand schedules. 
forms o f  energy may cost more energy t o  get t h a n  they pay back. 

Methodology 

This paper i s  based on a study sponsored by the U. S. Department of t he  In te r ior  
(Reference 1) .  Data for  other fuel supply pathways a l so  are presented i n  Reference 1. 
The goal  of t h i s  study was t o  calculate the t rue  ener y costs t o  soc ie ty  associated 
with the delivery of a given amount of usable energy V l D O O  Btu) by various energy, 
supply systems. 
d i r e c t  process energy requirements b u t  a l so  the  ind i r ec t  costs associated with the 
production o f  the process energy i t s e l f  and w i t h  the production of t he  plant 
operating supplies and (amortized) capital  equipment. 

E x i s t i n g  methods of energy analysis were reviewed. 
categories: ver t ica l  ana lys i s ,  pure I n p u t / O u t p u t  energy analysis,  and  the approach 
known under the general name of eco-energetics, developed by H. Odum. 
analysis -- detailed tracing of each equipment input back t o  i t s  resource form -- 
was considered to be too tedious. Pure Input/Output analysis,  using s t a t i s t i c a l  
data associated w i t h  the current United S ta tes  economy, could not per s e  r e f l ec t  
the e f f ec t s  of the newer or fu ture  energy technologies. 
approach was  not u t i l i zed  because the concepts and procedures a re  n o t  suf f ic ien t ly  
developed a t  the present time. 

I t  f i n a l l y  was decided t o  use a combination of process analysis and  Input/Output 
theory, the  f i r s t  time t h a t  t h i s  hybrid approach has  been taken. 
was used t o  t r e a t  the d i r ec t  process energy contributions,  and Input/Output 
coefficients were u t i l i zed  t o  t r e a t  the indirect  capital  energies. 

The various steps associated with each energy delivery pathway were analyzed in  a. 
modular fashion, converting each of the external d i r ec t  and ind i rec t  energy inputs 
as  described above (Figure 1 ) .  These then were combined, with the appropriate 

The phrase "net energy" was dweloped because new 

To be included a s  p a r t  of the energy cos ts  were n o t  only the 

These f e l l  i n t o  th ree  broad 

Vertical 

The eco-energetics 

Process analysis 
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t ranspor ta t i on  steps included, t o  g i v e  complete energy d e l i v e r y  pathways (Figure 2). 
Prov is ions  were included i n  each pathway t o  t ranspor t  raw mate r ia l s  and water t o  
t h e  p lan t  s i t e ,  when necessary, and a l so  t o  b r i n g  a l l  products and by-products t o  
cen t ra l  d i s t r i b u t i o n  po in ts .  By-product energy values were genera l l y  determined 
bu t  no t  added t o  the resource energy output. The primary except ion t o  t h i s  was i n  
the  o i l  pathway, where a l l  r e f i n e r y  products were included as p a r t  o f  the  resource 
y i e l d .  
(e.g., an o i l  d e l i v e r y  t ruck )  were n o t  included. 

The dramatic e f f e c t s  t h a t  t he  many dec is ions  associated w i t h  the  cons t ruc t i on  o f  
each energy pathway can have on t h e  r e s u l t s  should be noted a t  t h i s  po in t .  These 
va r ia t i ons  f a l l  i n t o  th ree  major categor ies:  deposi t - re lated, process-related, 
and assumption-related (F igu re  3). I n  the  case o f  t he  depos i t - re la ted  va r ia t i ons ,  
t he  depos i t  q u a l i t y  can s t rong ly  af fect  the r e s u l t i n g  i n  . s i t u  resource consumption 
and energy subsidy. S i m i l a r l y ,  t h e  ta rge ted  ex ten t  of resource recovery  and t h e  
l o c a t i o n  of  t h e  var ious p l a n t s  along t h e  energy pathway can s i g n i f i c a n t l y  a f f e c t  
t he  resu l t s .  

Equipment and opera t ing  energies associated with f i n a l  p roduc t  d i s t r i b u t i o n  

Pathway f o r  Fuel O i l  from Crude O i l  

The data f o r  t he  f u e l  o i l  from crude pathway were drawn from Un i ted  Sta tes  n a t i o n a l  
i ndus t r y  t o t a l s  f o r  t he  year 1972 i n  order t o  es tab l i sh  volumes, opera t ing  costs, 
and cu r ren t  investments i n  as comprehensive a manner as possible.  References 2 - 4 
were the  pr imary data sources. A t  t h e  e a r l y  stages of the  supply pathways, o i l  and 
gas product ion are  h i g h l y  associated. For example, about 22 percent  (1972 basis)  
of t h e  energy from o i l  we l l s  i s  i n  t h e  form o f  gas. S im i la r l y ,  i n  every 1000 B tu  
of r e f i n e r y  product, t he re  a r e  126 B tu  o f  l i q u i d s  f rom na tu ra l  gas p lan ts .  These 
ef fects were taken i n t o  account and cor rec ted  f o r  when c a l c u l a t i n g  t h e  resource 
f lows and ex terna l  energy subs id ies  associated with R&D, ex t rac t i on ,  e t c .  

The da ta  fo r  t h e  f u e l  o i l  from crude pathway are  summarized i n  Table 1. The f i r s t  
column traces the  crude from i t s  i n  s i t u  s t a t e  t o  i t s  f i n a l  energy fo rm normalized 
t o  1000 Btu output.  
(e.g:, by evaporat ion o r  s p i l l a g e )  o r  t o  actual  i n t e r n a l  consumption o f  t h e  resource 
w i t h i n  the  step. The 2954.4 Btu  o f  i n i t i a l  in-ground crude resource a l so  inc ludes  
the  crude l e f t  behind i n  t h e  ground (about 68% o f  t he  o r i g i n a l  depos i t  f o r  p r imary  
and secondary recovery). 
the o i l  resource f low. 
represents p r i m a r i l y  i n t e r n a l  consumption o f  o i l  i n  t h e  var ious  process u n i t s  and 
a u x i l i a r y  u n i t s .  

The components o f  the  ex terna l  energy subsidy a r e  d isp layed i n  the  nex t  two columns 
f o r  each step i n  the  pathway, again a l l  normalized t o  support  1000 Btu o f  f u e l  ou t -  
put. External  energy i s  (somewhat a r b i t r a r i l y )  de f ined as a l l  energy de l i ve red  t o  
the p l a n t  from outs ide  the  p l a n t  boundaries. 
opera t ing  and c a p i t a l  components. The operat ing energy component inc ludes  d i r e c t  
process energy and i n d i r e c t  energy embodied i n  opera t ing  supp l ies  and maintenance. 
D i r e c t  e l e c t r i c i t y  use i s  converted a t  a r a t e  o f  11,405 Btu/kwh. Land rec lamat ion  
energies a l so  a re  included as p a r t  of t he  operat ing energies. 
ponent includes the  amortized c a p i t a l  equipment and p l a n t  cons t ruc t i on - re la ted  
energies. 

The 1/0 energy c o e f f i c i e n t s  f o r  es t imat ing  energy i m p l i c i t  i n  ma te r ia l  and equip- 
ment, expressed as Btu/$, were taken from the  1967 da ta  i n  Reference 4 with 
s u i t a b l e  co r rec t i on  f a c t o r s  app l ied  f o r  i n f l a t i o n ,  U. S. energy i n t e n s i t y  (i.e., 
coal versus crude), e tc .  The c q e f f i c i e n t s  a l l  were normalized t o  1974 do l l a rs .  
Typ ica l  cor rec ted  c o e f f i c i e n t  values ranged from about 40,000 Btu/$ f o r  general 

The d iminu t ion  o f  resource i n  a s tep  can be due t o  t r u e  l o s s  

The l i q u i d  gas p l a n t  products (126.3 Btu) a r e  added t o  
The resource l o s s  o f  about 70 Btu i n  the  r e f i n i n g  step 

The energy subsidy i s  d i v i d e d  i n t o  

The c a p i t a l  com- 



construction ac t iv i ty  t o  about 60,000 Btu/$ f o r  major items of chemical plant 
equipment. 
energy coef f ic ien t  of about 170,000 Btu/$. 
energies from these 1/0 energy coefficients,  the  plant capital  cost  was typically 
disaggregated in to  5 - 10 subcategories. 
material-related energies a r e  further disaggregated in to  their three  basic compo- 
nents -- B t u  from coal,  o i l  plus gas, and hydro plus nuclear. 

The fuel o i l  portion of the refinery product slate i s  about 6.11 percent by volume 
(1972 basis) b u t  consumes only about 3.4 percent of the  to t a l  refinery operating 
and capital  energies f o r  i t s  production (Reference 1 ) .  
energy subs idy  fo r  fuel o i l  production i n  the refinery is the  la rges t  subsidy i n  
Tabel 1 (35.58 B t u ) .  
and the remainder i s  primarily e l ec t r i c i ty .  Another s ign i f icant  external subsidy 
i s  the  6.75 Btu associated with well d r i l l i ng  and w i t h  the well cap i ta l  equipment. 

In summary, 2954.4 B t u  of reserve (crude) and 48.68 B t u  of external energy are 
u t i l i zed  t o  produce 1000 B t u  of fuel o i l .  
was examined in Reference 1.  For t h i s  pathway, 117.32 B t u  of external subsidy a re  
consumed per 1000 B t u  of fuel o i l  output, due primarily t o  the high chemicals con- 
sumption associated w i t h  the  t e r t i a r y  recovery operation. 

The ca ta lys t s  and chemicals Category. in par t icu lar ,  had a very high 
For the purposes of evaluating capital  

In Reference 1 ,  the ind i rec t  capital  and 

The external operating 

About 80 percent of t h i s  purchased energy is natural gas, 

The t e r t i a r y  oi l  recovery pathway also 

Pathway for-Fuel Oil from O i l  Shale 

This analysis i s  based primarily on an economic evaluation of shale o i l  production 
by the  U. S .  Department of the In te r ior  u t i l i z ing  the so-called g a s  combustion 
r e t o r t  process (Reference 6).  
located in  Colorado and cons is t s  of three mines, three re tor t ing  p lan ts ,  and a 
re f inery  t o  produce a semi-refined o i l  a t  a r a t e  of 100,000 B/D. 

The average oi l  content of the shale rock i s  30 gallons/ton. 
ground mines w i t h  mining by t h e  conventional room and p i l l a r  technique. 
44 T/D of explosives a re  required. The e lec t r ica l  power f o r  the  mine and process 
plants i s  generated within the mine/plant complex. 

The crude shale o i l  from the r e to r t s  flows by pipeline t o  t he  re f inery ,  a distance 
of about 40 miles. 
re f inery  f o r  use as  process fuel and f o r  power generation. 
is  s lur r ied  and pumped back i n t o  the mines, and the  remainder is deposited in  a 
canyon. 

In the refinery,  the  crude i s  heated and charged to  a d i s t i l l a t i o n  column where i t  
i s  separated in to  overhead and bottoms fractions (about 50 percent overhead). The 
overhead f rac t ion  i s  depropanized t o  yield d i s t i l l a t e  a t  a r a t e  of 52,345 barrels 
per calendar day. 

The bottoms f rac t ion  from the d i s t i l l a t i o n  column i s  fed t o  delayed coking units. 
The d i s t i l l a t e  product from the  cokers i s  cooled, depropanized, and charged to  
hydrogenation along with the crude d i s t i l l a t i o n  tower overhead f r ac t ion .  
from the drums, 1710 t o n s  per calendar day, is stored for  s a l e .  
produce a product containing about 60 volume percent material i n  the gasoline 
boiling range. 
genated product (100,000 barrels per calendar day) i s  pumped t o  storage. 

The gas streams from the hydrogenation, delayed coking, and d i s t i l l a t i o n  contain 
su l fur  and nitrogen, in the  form of hydrogen su l f ide  and ammonia, ava i lab le  fo r  
recovery. The hydrogen su l f ide  is ultimately processed i n  a Claus u n i t  t o  yield 

The hypothetical o i l  shale processing complex is 

The mines a r e  under- 
About 

The excess low-Btu gas from the r e to r t s  a l so  i s  piped t o  the 
Part  of t he  spent shale 

The coke 
The hydrocrackers 

The uncondensed gas is  used fo r  plant fuel ,  and the  l iqu id  hydro- 
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85.5 tons  per calendar day of sulfur.  
y ie ld  275.5 tons per calendar day. 

A portion of the above gas streams, a f t e r  hydrogen su l f ide  and ammonia removal, 
i s  passed t o  a hydrogen plant t o  supply hydrogen fo r  hydrogenation, and the  
renainder i s  u t i l i zed  f o r  process fuel and on-site power generation, supplemented 
by 3.61 MM SCF per calendar day of purchased natural gas. 

The resource path fo r  the o i l  shale system i s  shown i n  the  f i r s t  column o f  Table 2. 
BY analogy with underground coal mining, 43 percent o f  the resource was assumed t o  
be l e f t  i n  the ground (e.g., as  p i l l a r s  in the mine). The heat content of the by- 
products (coke, sulfur ,  and ammonia) was not included as par t  of the resource 
O u t p u t ,  although i t  was equivalent t o  about 8 percent of the product o i l  energy. 

The external subsidies a r e  shown i n  the next two columns o f  Table 2. 
mines and plants a re  designed as  a single,  integrated complex, i t  was not possible 
t o  separate the subsidies. For example, power used in  the mine i s  generated a t  
the refinery u t i l i z ing  bo th  excess low-Btu r e t o r t  gas and purchased natural gas. 
This excess r e t o r t  gas represents an internal resource consumption. 

The external operating subsidy of 32.9 B t u  i s  shown in de ta i l  in  Table 3.  
subsidies a re  seen t o  be f a i r l y  evenly d is t r ibu ted  among such items a s  purchased 
natural gas, ca ta lys t  and chemicals, and explosives. The o i l  transport  s t ep  
assumed a 500-mile pipeline,  of which 300 miles was existing and 200 miles repre- 
sented new construction. 

Conparison of Crude O i l  and O i l  Shale Results 

A t  f i r s t  glance, the o i l  shale external subsidy of 39.1 B t u  per 1000 versus the  
crude o i l  subsidy of 48.7 would appear t o  indicate tha t  o i l  from o i l  shale requires 
less  external energy than o i l  from crude o i l .  However, the  shale o i l  pathway was 
designed, in effect ,  t o  minimize the external subsidies,  b u t  the crude pathway was 
not. For example, about 180,000 kw of power a re  generated within the  sha le  mine- 
plant complex. 
subsidy of about 80 Btu per 1000 Btu  output i f  i t  were purchased from outside the 
plant. 
per 1000 B t u  would be eliminated. The resu l t ing  total  external subsidy f o r  the 
external power purchase pathway would be on the order of 113 - 119 B t u  per 1000 
B t u ,  wh ich  i s  seen t o  be s ign i f icant ly  grea te r  than tha t  fo r  crude o i l .  

I t  should be noted t ha t  a l l  of the above subsidies ind i rec t ly  r e f l e c t  the re la -  
t ive ly  low "energy t o  produce energy" of the  United States economy over the l a s t  
decade. 
equipment was produced using easy-to-obtain energy. As some of the above newer, 
nore energy-intensive energy supply systems permeate the economy, these higher 
order energy ef fec ts  will s t a r t  to  increase a l l  of the external subsidies and 
resource consumptions. 

The ammonia i s  recovered i n  l iqu id  form t o  

Because the  

The  

Converted a t  11,405 B t u / k w h ,  t h i s  corresponds t o  an additional 

O f  course, a t  l e a s t  a par t  o f  the  current natural gas subsidy of 6 .2  B t u  

Stated d i f fe ren t ly ,  the s teel  used, fo r  example, i n  the shale processing 
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Table 1 

SUi.lIVlRY - FUEL OIL PRODUCTION 

Basis: 1,000 Btu O u t p u t  

Resource 
Pathway Reaai n i ng 

Step  (Btu) 

In ground 2954.4 
( s t a r t )  

Research & 
Exploration - 
Production 945.4 

Gathering 945.1 

Add 
Natural Gas 

Plant Prod. 126.3 
Avail ab1 e 1071 -4 

Crude P i  pel i ne 1070.8 

Refinery Input 1070.5 

Refinery O u t p u t  1000.3 

Product Pipeline 1000.0 

TOTAL 

Energy Subsidy (Btu) 
Operati n 9  Capital Total 

1.06 - 1.06 

2.58 6.75 9.33 

0.01 0.13 0.14 

0.02 0.08 0.10 

0.06 0.54 0.60 

35,58 1.31 36.89 

0.05 0.51 0.56 

39.36 9.32 48.68 



Table 2 

SUi?'!Ap,Y - . O I L  SHALE 

Basis: 1,000 Btu Output 

Resource 
Pathway Remaining Energy Subsidy (Btu) 

Total  - Operating Capital Step @tu)  
- 261 4.5* - 

( s t a r t )  

R & D  2614.5 3.6 - 3.6 

Mi ne 1490.3*** (**I (** 1 (**I 

Plant Complex 1000.0 23.5 6.0 29.5 

?000.0 5.8 0.2 6. C! , , a t l apor t  

TOTAL 32.9 6.2 39.1 

Tu--.- 

* In ground ** 
*** Resource a t  mine mouth 

Included as p a r t  of plant complex 
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Figure 3 

PATHWAY VARIATIONS 

Deposi t-Re1 a ted Var ia t ions 

Loca t ion  of Deposit 

Depth o f  Deposi t  

Thickness o f  Seam 

Q u a l i t y  of Deposi t  

( O i l  Content o f  Shale) 

( I n t e n s i t y  o f  Solar  Radiat ion)  

Process-Re1 ated Var ia t i ons  

Extent  o f  Recovery o f  Resource 

S t a t e  o f  Development o f  Technology 

(Pr imary Vs. T e r t i a r y  O i l  Recovery) 

(Room and P i l l a r  vs. Longwall Min ing)  

(Lu rg i  vs. Hygas f o r  Coal G a s i f i c a t i o n )  

(Surface R e t o r t i n g  vs. Mod i f i ed  I n  S i t u  f o r  O i l  Shale) 

(Gas Cen t r i f uge  \IS. Gaseous D i f f u s i o n  f o r  Nuclear)  

Pathway Assumption-Related Var ia t i ons  

Locat ion:  Mine/Conversion Plant/Power Plant /Ul  t ima te  Use 

Transpor tat ion:  Raw Materjals/Water/Products/By-products 

New vs. E x i s t i n g  Transpor tat ion F a c i l i t i e s :  R a i l / P i p e l i n e  


